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Incremental gains in productivity from new forages are likely to be very small in
developed countries like the USA where forage research is highly advanced, thus animals
must be used in determining their value. Three experiments were conducted. Experiment
I evaluated grazing preference of cattle and its relationship with morphological and
chemical characteristics. Treatments were two diploid cultivars ‘Marshall’ and ‘Gulf’
and two tetraploid cultivars ‘Maximus’ and ‘Nelson’ arranged in a 4 × 4 Latin square
design experiment. Animal preference was based on herbage disappearance, the
Chesson-Manly index, and animal grazing time. Both herbage disappearance (1400 vs.
890 kg ha-1) and Chesson-Manly index (8.1 vs. 5.8%) were greater for tetraploid than
diploid cultivars. Experiment II quantified forage and animal response of a tetraploid
(Maximus) vs. a diploid (Marshall) annual ryegrass. Three stocking rates (SR), 3.75, 5,
or 7.5 animals ha-1, were imposed on the two cultivars in a 3 × 2 factorial of a CRD
experiment with two replications. Angus cross-bred heifers (initial BW = 240 kg) were
used. There was no cultivar effect or any interactions on ADG or herbage mass (HM).

Both ADG (1.22 kg d-1 at low SR to 0.98 kg d-1 at high SR) and HM (3.8 Mg ha-1 at low
SR to 2.5 Mg ha-1 at high SR) had a linear response to SR. Experiment III quantified
forage production, morphological characteristics, and nutritive value between a tetraploid
(Maximus) vs. a diploid (Marshall) annual ryegrass cultivar harvested at three different
leaf stages 2-, 3-, and 4-leaves tiller-1 and two stubble heights 5 and 10 cm. Treatments
were arranged in a 3 × 2 × 2 factorial of a RCBD experiment with four replications. In
2011, there was a linear increase in forage harvested from 2-leaf (7.3 Mg DM ha-1) to 4leaf stage (8.8 Mg DM ha-1) and in 2012 the response was quadratic with the highest
forage harvested at 2- and 4-leaf stages (7.6 Mg DM ha-1). These results indicate that
cultivars of annual ryegrass varied in their responses to grazing preference, grazing
management, and defoliation management based on leaf stage.
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CHAPTER I
INTRODUCTION

Forage grasses from the genus Lolium includes two important pasture grasses that
are cultivated extensively in temperate and subtropical regions of the world and they
include perennial (Lolium perenne L.) and annual (Lolium multiflorum Lam.) ryegrasses
(Hand et al., 2013). Annual ryegrass, which is the focus of this research, is the
predominant cool season forage in the U.S. southeast region and it plays an important
role in alleviating winter feeding limitations and contributes tremendously to improved
animal nutrition (Lippke and Ellis, 1997). Annual ryegrass has outstanding forage
nutritive value and superior animal performance compared to other grasses (Nelson et al.,
1997; Rouquette Jr. et al., 1997). Forage breeders continue to develop new cultivars that
may exhibit superior attributes compared to existing cultivars in forage production and
quality and also disease resistance and cold tolerance. Typically, such new forages
would be compared with existing cultivars for forage yield and nutritive value
characteristics.
Despite the outstanding accomplishments in plant breeding, however, the
incremental gain in productivity resulting from new forages is likely to be very small in
developed countries like the USA, where forage research is highly advanced. For
example, over the last 50 yr in the USA gains in forage dry matter yield resulting from
new cultivars ranged from 0 to 1% per decade (Wilkins and Humphreys, 2003; Casler,
1

2008). Because of this, recommended research protocols dictate that animals must be
used to give the final verdict in determining the value of new forages, typically by
measuring animal performance in grazing trials (Wheeler, 1981). Use of animals earlier
in the evaluation process can be advantageous because of a positive relationship between
preference (relative consumption when given a choice) and quality of forages.
Animal performance on pasture is driven by forage intake, but measurement of
intake is not simple or easily done. Extensive research has been devoted to measuring
digestibility and comparing it with intake because digestibility can be accurately
measured with relative ease compared to intake (Mertens, 1994). There is evidence,
however, that even at similar digestibility, intake of different forages or different
components of forage may vary. Preference by animals often gives strong indications of
relative intake. Given the opportunity, cattle will select particular plant or plant parts,
although they are known to be indiscriminate grazers, and preference has been closely
linked to relative intake. Cattle have shown preference among cultivars within species of
various forage crops (Shewmaker et al., 1997; Mayland et al., 2000; Smit et al., 2006;
Waldron et al., 2010). To date, the mechanisms behind many of these preferences are
relatively unknown.
There are two types of ploidy of annual ryegrass available commercially for
forage production; one is the traditional diploid (2n = 14) cultivars and the second is the
more recently developed and utilized tetraploid (4n = 28) cultivars. The duplication of
the number of chromosomes results in changes in their morphological, anatomical,
chemical, and physiological makeup of tetraploid ryegrass cultivars. Tetraploid annual
ryegrasses are created from doubling of the chromosomes of diploid cultivars (Nelson et
2

al., 2011). Annual ryegrass variety trials by Mississippi State University and other
institutions in the region demonstrate that often tetraploid ryegrass cultivars may have a
numerically higher forage yield compared to traditional cultivars, but this difference is
not always statistically significant (e.g., Lang et al., 2009; Parish, 2010; Nelson et al.,
2011). There is evidence that for cattle grazing perennial ryegrass, tetraploid cultivars
were preferred to diploid cultivars (Balocchi and López, 2009). Several factors,
including sward surface height, bulk density, and morphology are known to influence
grazing behavior (Laca et al., 1992), and some chemical constituents, especially
water- soluble carbohydrate (WSC), have been implicated in influencing intake (Miller et
al., 2001; Moorby et al., 2006).
Nutritional quality have long been an important criteria considered in plant
breeding and the focus has been on forage digestibility but more recently, however,
elevated WSC concentration in forages have been a key area of interest (Humphreys,
1989a; Wheeler and Corbett, 1989; Smith et al., 2001; Gilliland et al., 2002; Wilkins and
Humphreys, 2003). Tetraploid cultivars were bred to have greater cell content than
diploids and therefore are expected to have greater digestibility, crude protein (CP), and
WSC concentration. This induced tetraploidy is associated with an increase in cell size
without a concomitant increase in cell wall thickness thus this enhanced nutritive value of
tetraploids is thought to be due to an increase in the ratio of cell contents to cell walls
(Smith et al., 2001; Stewart and Hayes, 2011). Typically, most tetraploid cultivars will
have lower neutral detergent fiber concentrations than their diploid counterparts
(Cosgrove et al., 2009). The effect of tetraploidy on WSC concentration, however,
depends on the genetic background of the cultivars and it is not uncommon to observed
3

greater CP and WSC concentrations in diploid than tetraploid cultivars (Smith et al.,
2001).
Harvest management based on the physiological status of forage crops is
considered a more efficient tool in utilizing pastures than harvest management based on a
scheduled number of days, sward surface height, or herbage accumulation (Turner et al.,
2006a; Donaghy et al., 2008). The act of defoliation creates a major encumbrance on
pasture plants with its impact being dependent on the timing and severity of defoliation
(Fulkerson and Donaghy, 2001). Leaf stage defoliation of forage crops is linked to the
plant physiological status and it is perhaps a more suitable criterion for harvesting forage
crops. Forage defoliation interval based on leaf stage more readily reflects the extent of
plant recovery from harvest as it relates to the replenishment of WSC reserve (Fulkerson
and Slack, 1995). Residual stubble height, which is affiliated with the severity of
defoliation, is another major management factor that alters regrowth potential of forage
crops (Lee et al., 2009). Since the stubble of forage plants is a major storage site for
WSC and can interact with defoliation height to alter plant growth, then consideration
must be given to the severity at which plants are defoliated (Donaghy and Fulkerson,
1997; Lee et al., 2009). In a study using tall fescue, there was a strong positive
relationship between stubble WSC levels and regrowth capacity (Donaghy et al., 2008).
Two important attributes of forage supply are quantity and quality and each varies with
frequency and intensity of defoliation (Motazedian and Sharrow, 1990; Sollenberger and
Vanzant, 2011). Therefore, judicious utilization of pasture requires maintaining
equilibrium between forage quality and quantity optimization and the plant physiological
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status to ensure sustained production from pasture sward for the duration of the growing
season.
There are, however, questions as to if these perceived advantages of tetraploid
cultivars can be exploited over existing diploid cultivars under varying management
systems. Such exploitation may advance the need for intra-species cultivar-specific
management in order to optimize production output over the growing season. There is a
considerable volume of information available on the topic of leaf stage and stubble height
defoliation management but primarily on perennial forage crops. The majority of these
studies were conducted under greenhouse environments (e.g., Turner et al., 2006a; Turner
et al., 2007a; Donaghy et al., 2008). Since their use may be limited in its application to
annual forage crops, it will be of equal importance in studying these plant-related
indicators on annual forage crops like annual ryegrass as a tool to improve defoliation
management efficiency at the field scale. We hypothesized that (i) different cultivars of
annual ryegrass of different ploidy levels will have no effect on cattle grazing
preferences, (ii) diploid and tetraploid cultivars and different stocking rates will have no
effect on animal performance and forage production, and (iii) different defoliation
management using leaves per tiller stages and stubble heights will have no effect on
sward structure and forage quality parameters of the two types of ploidy of annual
ryegrass cultivars. The objectives of this study were to (i) determine grazing preference
between tetraploid and diploid annual ryegrass cultivars and its relationship with
morphological and chemical characteristics, (ii) quantify pasture productivity and animal
response of a tetraploid vs. a diploid annual ryegrass under three levels of stocking rate,
and (iii) quantify forage production, morphological characteristics and nutritive value
5

between a tetraploid vs. a diploid annual ryegrass cultivar harvested at three different leaf
stages and at two stubble heights.
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CHAPTER II
LITERATURE REVIEW

Genetic improvement of forage crops have led to improved forage dry matter
(DM) production, cultivars with enhanced disease resistance, cold tolerance, and forage
quality (Kerr et al., 2012). Forage persistence under grazing, forage morphology,
maturation rate, chemical and anatomical composition, resistance to pest and diseases,
ability to coexist with other forage crops are all critical inherent genetic traits of forage
crops that has the most significant impact on animal performance (Marten, 1989). During
the last 50 yr, gain in forage dry matter (DM) production per decade in USA have been
reported to range between 0 to 1.0% (Wilkins and Humphreys, 2003) and gains in in vitro
dry matter digestibility (IVDMD) documented by Casler (2000) ranged from 1.0 to 4.7%
year-1 as a percentage of the original population. This is indicative that improvement in
forage digestibility may be more easily attained than forage yield improvement by plant
breeders (Casler, 2000). Therefore, forage digestibility has been one of the principal
areas of focus by plant breeders for forage crops improvement, since relatively small
gains in digestibility can usually transfer into significant gains in animal performances
(Casler, 2000). Positive gains in nutritive value of forage crops, however, are quite often
associated with a concomitant reduction in agricultural fitness traits namely, forage yield,
disease and insect pest resistance, and stress tolerance (Casler, 2000). Compromise in
these critical forage traits will more or less reduce the suitability of such forage cultivars
7

for selection and use under grazing conditions. Therefore, it is critical for plant breeders
to maintain equilibrium among these critical forage traits.
Cool-season forages are a principal component of grassland systems since they
added substantial stability to livestock farming (Burns and Bagley, 1996). One such
cool-season forage that plays an imperative role in winter forage supply is annual
ryegrass (Lolium multiflorum Lam.). Annual ryegrass belongs to the Poaceae family and
its center of origin has been documented in Italy, northern Africa, and western Asia
(Nelson et al., 1997). Globally, there are some variations to the vernacular name of
annual ryegrass but for most parts with the exception of the USA it has been referred to
as Italian ryegrass. Additionally, in other parts of the world it has been referred to as
‘Westerwolds’ ryegrass (Lolium rigidum Gaud.) but it is Italian ryegrass selected for
earliness and does not differ botanically from Italian ryegrass (Nelson et al., 1997). There
are several major forage characteristics that make annual ryegrass an integral component
of forage systems in the southeastern USA. It is characterized by ease of establishment,
high herbage yield, outstanding forage quality, adaptation to a varying soil types, persist
across a range of environmental conditions, uniform growth patterns, and sward stability
under grazing in wet conditions among other agronomic characteristics (Jung et al., 1996;
Evers et al., 1997; Lippke and Ellis, 1997). Annual ryegrass has been used primarily to
provide forage during winter and spring as grazed pastures. Additional use includes hay,
silage, and greenchop (Evers et al., 1997; Wilkins and Humphreys, 2003). It is cultivated
either as a pure stands, overseeded in warm-season perennial pastures, mixed with small
grains or clover (Trifolium sp.) in southeastern USA (Jung et al., 1996; Evers et al., 1997;
Nelson et al., 1997).
8

Annual ryegrass is a cross-pollinating and self-incompatible species (Terrell,
1968) and there is extensive genetic variability within annual ryegrass populations. Most
ryegrass taxa are diploids with 2n = 14 chromosomes, however, several tetraploid
cultivars (2n = 28) have been developed (through the use of the chemical colchicine to
induced tetraploidy) and released in an attempt to improve forage yield and quality
(Nelson et al., 1997). The breeding objectives of ryegrass has focused primarily on
producing cultivars tolerant to abiotic stresses (mainly cold tolerance), tolerance to biotic
stresses (resistance to diseases, e.g., crown rust and invertebrate pest), and variation in
forage maturity (heading and anthesis date), which is a major factor controlling forage
yield distribution and nutritive value of ryegrass (Casler et al., 1996; Nelson et al., 1997;
Wilkins and Humphreys, 2003). Plant breeders have also focused on improving yield
and yield components (tiller numbers, leaf size, leaf length, and leaf rigidity among
others), improving tolerance to acid soils, and drought hardiness. The majority of cool
season grasses have great genetic variability for digestibility and this has been an area of
major focus, thus, ryegrass cultivars are being released that are expected to have greater
digestibility than the traditional cultivars (Casler et al., 1996). The major focus of forage
grass breeding in temperate regions still remains to increase animal production per unit
area of land (Wilkins and Humphreys, 2003). In the last two decades, plant breeders in
Europe have been developing perennial ryegrass cultivars with elevated concentration of
water-soluble carbohydrate (WSC) relative to the conventional cultivars (Humphreys,
1989a). Humphreys (1989b) concluded that there is considerable potential for using
ryegrasses with high WSC to develop varieties with improved feeding value without
sacrificing production. The benefits of high WSC forages may increase the balance and
9

synchrony of nitrogen (N) and carbon (C) supply to the rumen and this may lead to
increased production in ruminants by improving N utilization in the rumen and enhancing
the supply of microbial protein to ruminants (Edwards et al., 2007). Stewart and Hayes
(2011) reported that the ploidy level of ryegrass cultivars is known to influence forage
nutritive value, with tetraploids having larger cells and higher ratio of cell content to cell
wall. Thus, tetraploid cultivars may be more palatable (readiness with which forage is
selected and eaten), have higher digestibility, and higher WSC concentrations than
diploids (Smith et al., 2001). This enhanced nutritive value, is thought to be as a result of
the aforementioned characteristics of tetraploid ryegrasses (Stewart and Hayes, 2011).
These benefits have augmented the release of numerous cultivars of annual ryegrass with
these dual characteristics aimed ultimately at increasing animal performance. However,
there are constant reports of indifference in agronomic as well as animal production
performance of these new cultivars. Cultivar evaluation is a critical component of both
breeding and extension programs of forage crops. Typically, forage variety evaluation
schemes are based on yield and quality assessment but animal evaluations idealistically
provide the most valuable information for choosing cultivars valuable for livestock
production (Casler, 1999; Casler and Vogel, 1999).
Knowledge of defoliation effects as it relates to frequency and severity on forage
mass, nutritive value, and stubble WSC reserves is essential for developing sustainable
grazing management systems. A major consequence of forage plant defoliation is that it
removes photosynthetically active leaf tissue and this causes grave reduction or cessation
of photosynthesis depending on the proportion removed (Lee et al., 2010). Under such
circumstances, the supply of energy from photosynthesis is often inadequate to meet the
10

demands of plants for regrowth of new leaves. It is in this context, that the energy
reserves WSC in C3 grasses becomes vital to regrowth and development of forages after
defoliation and WSC are mobilized from energy stored towards the base of the plant
tillers commonly referred to as stubble (Donaghy and Fulkerson, 1997). The interactions
of these defoliation impositions (frequency and severity) can ultimately have a significant
impact on herbage DM production, regrowth potential (persistence) and forage quality of
pastures (Callow et al., 2000). Therefore, developing simple defoliation regimens or
tools that can be applied in day-to-day management of pastures will aid in the decision
making process and extinguished the relative complexity of grazing management
decision (Chapman et al., 2011). The scope of this review paper is to capture and
synthesize key studies on animal grazing preference, animal performance as influence by
forage species and cultivars within species and their associated agronomic characteristics,
and forage crops defoliation frequency and intensity.
Factors Influencing Animal Grazing Preference
Determination of animal grazing preference among forage species or cultivars
within a forage species is vital in comprehending animal grazing behavior since it
allowed us to make nutritional inferences about the forage and ultimately animal
production response (Ferri et al., 2008). Knowledge of animal grazing preference will
not only aid the decision making process but also equip graziers with greater insights on
how to improve pasture management and utilization efficiencies (Undi et al., 2008).
Maximizing forage use is an essential tool in grazing animals’ production system and for
managers of grasslands to achieve this, they must first be aware of the factors and
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understand how these factors are responsible for influencing grazing behavior and dietary
preference in pastures (Baumont et al., 2000).
Two integral terminologies that are often used in the discussion of animal grazing
behavior and warrant clarification are preference and selection. First, preference by
grazing animal is defined as what the animal chooses to consume when there are given
very minimum physical constraints (it’s a relative expression of choice between two or
more forage species and the accessibility to forage is not restricted) (Hodgson, 1979;
Parson et al., 1994; Allen et al., 2011). Hodgson (1979) said that the term preference
describes an animal response but includes no assumption about the mechanisms verifying
the response. The next terminology of importance in describing grazing behavior of
animal is selection, which according to Parson et al. (1994) is preference modified my
environmental circumstances. Before any further discussion on the factors influencing
animal grazing preference, it will be useful to briefly highlight and describe some of the
common techniques used in forage evaluations to determine animal grazing preference.
It is not the purpose of this review to critique the methods listed but rather to highlight
and offer some brief descriptions of the techniques used in determination of dry matter
intake (DMI) in grazing animals and ultimately preference. Common techniques used to
determine grazing preference are often methods that determine DMI of the grazing
animals therefore, the term intake will be used frequently in the discussion since the
principal determinant of grazing preference is DMI. Even though it is often described as
a tedious task, quantifying DMI on pasture is a necessity for nutrient utilization
estimation by grazing ruminants (Macoon et al., 2003). Techniques commonly used in
estimating forage DMI from pasture includes but not limited to short-term weight gain
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method, short-term intake rate method, grazing time, herbage disappearance method,
animal performance method, pulse-dose marker, and n-alkane methods.
One of the simplest methods of estimating DMI is by using the technique referred
to as short-term weight gain method (Penning and Hooper, 1985; Barrett et al., 2003).
Penning and Hooper (1985) concluded that this technique gave similar results to chromic
oxide technique. The short-term weight gain technique involves weighing animals before
and after grazing (eating) and then intake is assumed to be related to the difference
between the two weights. The principle behind this technique is that herbage intake by
grazing animals is estimated from liveweight change over the short grazing period with
allowance made for loss of liveweight due to respiration, known as insensible weight loss
(Dumont et al., 1994). Animal urine and feces voided are collected in bags harnessed to
the animal and also usually a bite meter is also strapped to the animal to determine
grazing activities. Dry matter intake by this method is similar to that obtained using
chromic oxide technique (Penning and Hooper, 1985).
Short-term intake rate and bite size can be estimated from animals fitted with
esophageal fistulas through the collection and weighing of extrusa over a known time
period and simultaneous recording of bite rate (Gordon, 1995). Grazing time is a
technique in which time spent grazing by an animal or animals in pasture or on specific
component(s) of the pasture is determine either by strapping an automatic electron
recording system (portable electronic recording device, for example, vibracorder)
described by Rutter et al. (1997) on the grazing animal (extremely useful in free range
situations). This automatic system is a highly reliable means of recording various aspect
of foraging behavior. Data recorded from this system is processed using some known
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software based on grazed analysis program to extrapolate eating and ruminating time,
mastication counts and prehensions during eating, and the number of mastication and boli
processed during ruminating (Rutter et al., 1997). Alternatively, grazing time can be
recorded manually through visual observation by an observer recording time at fixed
intervals for each of the activities associated with grazing (for example, standing,
grazing, ruminating, and lying). Both are considered highly accurate, for example, Rutter
et al. (1997) using sheep employing automatic and manual recording reported a high
concordance between the two methods of 91%. It may not be prudent to use grazing time
alone as the solitary determinant of grazing preference since DMI is the key determinant
and time spent grazing have not always correlated with DMI (Orr et al., 2003).
Herbage disappearance method is considered a direct estimate of DMI and is
derived from computing the difference between a known pre- and post-grazing herbage
mass measurements, that difference in herbage mass is assumed to be herbage mass
consumed by the grazing animal (Corbett, 1981). Animal performance method of forage
DMI estimation used the forage net energy equation (Net Energy Equation), this
technique estimates DMI particularly for grazing dairy animal using a prediction equation
based on individual animal BW and standing forage NEm concentration and is considered
fairly accurate by several authors (Macoon et al., 2003; Smit et al., 2005b; Undi et al.,
2008). Macoon et al. (2003) in a study comparing three techniques for estimating forage
intake of lactating dairy cows on pasture validated the use of herbage disappearance and
animal performance techniques and they were found to be very reliable.
Marker techniques used to estimate DMI are termed indirect methods and are
classified as either internal or external markers. Internal markers are constituents
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naturally contained in plant tissues that can be analyzed to determine concentration
before ingested and in the feces, e.g., lignin, indigestible fiber, silica, acid insoluble ash
and quite recently odd-numbered alkanes (Burns and Sollenberger, 2001). The external
marker is an inert substance fed in known quantity to an animal and recovered in the
feces. The pulse-dose marker method is an indirect method widely used in estimating
pasture DMI. It uses chromium sesquioxide (Cr2 O3) often called chromic oxide for
estimating DMI (Lippke, 2002). The principle behind marker techniques is that a known
quantity of the marker is dosed daily to animals using capsules in order to establish a
steady state of the marker. Fecal samples are then collected and analyzed for chromium
concentration. The more recently used n-alkanes technique for estimating DMI of
grazing dairy cows and was found to be highly reliable (Smit et al., 2005b; Undi et al.,
2008). This method estimates herbage intake by the ratio of a dosed even-chain synthetic
n-alkane (C32) and the naturally occurring odd-chain n-alkane (C31 or C33) in the herbage
and the feces (Smit et al., 2005b). Dry matter intake using these methods are derived
from the following equations: (1) Digestible dry matter (DDM) = 1 – (Fecal output ×
Intake), (2) DMI = Fecal DM output / (1 - DDM), and (3) Fecal output = Dose × (Marker
concentration at time = 0) × Exponential passage rate described by Lippke (2002). It will
be useful to indicate that not all the techniques described here may be suitable to all types
of grazing preference determination thus careful consideration must be made when
selecting a technique to be employed in grazing preference studies. For example, Moore
(1994) suggested that the herbage disappearance method is ideally suited for preference
estimates for animals placed in groups on pastures. From the methods described with the
exception of grazing time, grazing preference is determine by the quantitative intake of
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herbage consumed between or among forage species on offer. This quantitative measure
of DMI can be integrated into a stochastic model for preference index determination as
proposed by Chesson (1978, 1983) who advocated a method used by Manly et al. (1972).
Chesson (1978; 1983) suggested that preference can be derived from a stochastic model
from basic biological considerations resulting in ease of interpretation and general
applicability to a wide range of circumstances. Thus, the Chesson-Manly index
(equation) that relates consumption to forage availability at the beginning of grazing was
developed based on the probability of encountering a particular forage. Chesson-Manly
Index (CM):
∝𝑖 =

ln[1−(consumed𝑖 /available𝑖 )]
,𝑖
∑𝑚
𝑗=1 ln[1−(consumed𝑗 /available𝑗 )]

= 1, … … 𝑚

(1)

where an animal has a choice of m cultivars, consumedi is the amount of consumed
herbage of cultivari, and availablei is the amount of available herbage of cultivari at the
beginning of the grazing event. The denominator term is the sum of all numerator terms
of all cultivars (1…m). For example, this equation integrates quantitative data obtained
from the methods describe above with the exception of grazing time to derive the index.
Chesson (1983) stated that the benefit of this method is that it can be interpreted as the
relative contribution of each food type (forage species) if all food types were equally
abundant. Secondly, the index does not vary with food density unless the consumer
behavior (grazing animal) also changes with food density.
The majority of the pastures under intensive system of management may utilize a
monoculture system (e.g., annual and perennial ryegrass (Lolium perenne L.), tall fescue
(Festuca arundinacea Schreb.), and bahiagrass (Paspalum notatum Flügge) among
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others) that provides nutrients for the grazing animal and this nutrient supply can be
altered by the use of N fertilizer (Hill et al., 2009). Preference and selection cannot
merely be explained by just measures of nutritive value of forage species because, given
choices, ruminants will select mixed diets even when one dietary component can satisfy
all their nutritional requirements (Hill et al., 2009). The efficient utilization of pastures
and the control of grazing animal impact on pasture needs detailed knowledge of what
influences grazing animals feeding behavior and dietary choices. There is a normal
tendency for grazing animals to consume a wide array of forages but more often than not
they preferred or exhibited partial preference for one forage type over another, for
example, greater consumption of white clover relative to perennial ryegrass offered in
adjacent monocultures in the same paddock have been reported in the literature (Rutter et
al., 2004a, 2004b; Prache et al., 2006; Rutter, 2006). This mixed diet may be a natural
approach by grazing animals to maintain a synchrony in their C-to-N balance (Senft et
al., 1985) and maintenance of a diverse population of rumen microflora (Rutter, 2006).
The choices made by grazing animals are often associated with physical and chemical
cues of forages (Mayland and Shewmaker, 1999). From a grazing behavioral
perspective, several forage and animal related variables are known to influence the
dietary preference of grazing animals and these factors listed hereafter will be the focus
of the discussion with major emphasis on those sward related factors that influences
animals grazing preference.
From an animal standpoint, the most persuasive variable that influences diet
selection is body size of the ruminant (Milne, 1991), and others include age, body
condition, genetics (breed), physiological state (energy requirements), species of grazing
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animals (large = cattle or small = sheep), previous history of dietary intake, diseases, and
climate (humidity, temperature, photoperiod) are some of the key animal factors
influencing feed intake (Mertens, 1994; Hayirli et al., 2002) and ultimately preference of
the grazing animals.
In grazing situations, several plant-related characteristics are known to influence
preference of the grazing animals, for example, forage species (grasses vs. legumes),
which is highly common (Rutter et al., 2002; 2004a; Boland et al., 2011). In the vertical
dimensions of the sward, vegetative sward can vary in herbage mass (HM), sward surface
height, bulk density, tiller density and canopy morphology (Laca et al., 1992) and these
variables are characterized as the sward structural characteristics. Sward structure is
defined and measured as the distribution and arrangement of aboveground plant parts
within a community (Laca and Lemaire, 2000). Sward structure measurements offer
mechanistic explanation for higher-order phenomena such as growth rate, light
interception by canopies, diet quality and intake rate by herbivores (Laca and Lemaire,
2000).
Sward Structural Characteristics among Forage Species
Some of the major decisions that affect bite mass and therefore, forage intake
adjustments in bite depth, bite area, and exerted bite force, are made in relation to
heterogeneity in sward structure (Griffiths and Gordon, 2003). Differences in structural
characteristics of forage species are common and even within forage species there are
variations in structural characteristics among cultivars and this has been reported
extensively in the literature (Laca et al., 1992; Gilliland et al., 2002; Smit et al., 2005a).
Therefore, grazing choices by the foraging animal are often made at the bite level and
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thus, the quantity of herbage removed by herbivores is strongly dependent on sward
structure (Combes et al., 2011). The idea of this section is not to compare extensively the
structural characteristics between or among different forage species but rather to
highlight the results from a few selected studies on differences and similarities among
forages species and cultivars within forage species. Emphasis in this review were placed
on sward structural characteristics and forage nutritive value of one of the most well
studied temperate grass perennial ryegrass since it is a genera that is closely related to the
genera that is the subject of this research, annual ryegrass in which detail studies are
lacking. Other forage species will be mentioned whenever the need arises. The most
frequently and often compulsory sward structural measurement is HM and, for example,
in a preference study by Gesshe and Walton (1981), HM differences ranged from 10 to
78% for ten species of perennial grasses. Evaluations of annual ryegrass have shown
cultivar effect on plant height, leaf length, and HM among cultivars (Nelson et al., 2011).
In a study by Gilliland et al. (2002) perennial ryegrass cultivars and their variations in
ploidy (diploid vs. tetraploid) and maturity group (early, intermediate, and late heading
dates) have all had an influence on sward structural characteristics. Herbage mass
differences among perennial ryegrass cultivars in several studies ranged from 0.24 to 1.1
Mg DM ha-1 (Gilliland et al., 2002; Smit et al., 2005a; Balocchi and López, 2009).
However, tetraploid cultivars were reported to have an averaged 1.0 Mg DM ha-1 greater
than diploid cultivars Gilliland et al. (2002) but maturity date had no effect on HM in
their study. Gowen et al. (2003) and O’Donovan and Delaby (2005) reported differences
of 5.5 and 8.0% respectively greater HM for diploid compared to tetraploid perennial
ryegrass cultivars and this was similar to results reported by Balocchi and López (2009)
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on perennial ryegrass. Herbage mass of perennial ryegrass was 239 kg DM ha-1 greater
for late than intermediate heading cultivars (Smit et al., 2005a) but in the context of
grazing preference this may not be a substantial difference that will determine grazing
preference. Contrary to the establish trends mentioned, other studies have reported
similar HM among cultivars of perennial ryegrass (Barrett et al., 2003; Barre et al.,
2006). Herbage mass of another closely related genus of ryegrass that is, tall fescue was
studied by Shewmaker et al. (1997) in a grazing preference study and they reported a
cultivar effect on HM among the eight endophyte-free cultivars with differences among
cultivars ranging from 0.53 to 1.4 Mg DM ha-1. Sward surface height differences among
perennial ryegrass cultivars ranged from 2.5 to 5.5 cm also, maturity group (late >
intermediate) but ploidy (diploid vs. tetraploid) had no effect on sward surface height
(Gilliland et al., 2002; Smit et al., 2005a; Smit et al., 2006). In addition, extended tiller
height was different by 1 to 9 cm among cultivars, ploidy level and maturity group of
perennial ryegrass (Gilliland et al., 2002; Barrett et al., 2003). Contrary to the above
results, Gowen et al. (2003) and O’Donovan and Delaby (2005) reported that sward
surface height was not different among cultivars of perennial ryegrass and was neither
affected by ploidy or maturity group. In studies that reported a cultivar, ploidy (tetraploid
> diploid), and maturity group (late > intermediate cultivars) effect among cultivars of
perennial ryegrass on forage bulk density, the differences ranged from 0.15 kg DM m-3 to
0.62 kg DM m-3 (Gilliland et al., 2002; Barrett et al., 2003; Smit et al., 2005a). Leaf
lamina (blade) was different by 4 to 14% among cultivars, ploidy (tetraploid > diploid)
and among maturity group (late > intermediate) of perennial ryegrass (Gilliland et al.,
2002; Smit et al., 2005a).
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Forage Nutritive Value and its Implication for Dry Matter Intake
Forage nutritive value is defined as the chemical composition, digestibility, and
nature of digested products (Mott and Moore, 1985) and it is often expressed using crude
protein (CP), in vitro dry matter (or organic matter) disappearance (IVDMD), neutral
detergent fiber (NDF), acid detergent fiber (ADF) water-soluble carbohydrates and lignin
concentrations (Sollenberger and Vanzant, 2011) and in vitro neutral detergent fiber
digestibility (NDFD). Energy and CP are nutrients required in the greatest quantity, are
more costly and first to be limited in fibrous feed materials of the grazing herbivores
(Coleman and Moore, 2003). Crude protein, which is the N concentration of the feed
material multiplied by 6.25 supplies N for rumen microorganisms and amino acids to the
small intestine for absorption and use by the host ruminant animal (Coleman and Moore,
2003). Smith et al. (2001) and Orr et al. (2005) reported that CP of diploid perennial
ryegrass was 24.6 and 19.0 g kg-1 DM respectively greater than tetraploid cultivars but
other studies have not found difference in CP among perennial ryegrass cultivars (Barrett
et al., 2003; Gowen et al., 2003; O’Donovan and Delaby, 2005; Smit et al., 2006;
Balocchi and López, 2009). Among cultivars of forage kochia [Kochia prostrata (L.)
Schrad.], CP concentration was reported to be different and the difference ranged from 59
to 67 g kg-1 (Waldron et al., 2010).
Intake of forage feed by ruminants is regulated physiologically at both digestive
and metabolic levels and are often controlled mainly by physical factors such as rumen
holding capacity (rumen fill) of the animal for fibrous feed material (Forbes, 1988; Smit,
2006). Generally, the physiological regulation of food intake also includes osmolarity
and kinetics as well as specific digestive hormones and blood metabolites derived from
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feed digestion or catabolism (Forbes, 1988), which Provenza (1995) referred to as the
postingestive feedbacks. The chemical component neutral detergent fiber (NDF) is the
percentage of cell walls or other plant structural material present and it is the fiber that is
insoluble in neutral detergent and consists of cellulose, hemicellulose, and lignin. Neutral
detergent fiber represents all plant cell wall material, partially digestible by animals, and
is negatively correlated with DMI (Arelovich et al., 2008). In studies using different
cultivars of perennial ryegrass that reported a cultivar effect on NDF concentration, the
differences ranged from 12 to 82 g kg-1 DM (Smith et al., 2001; Barrett et al., 2003;
Gowen et al., 2003; O’Donovan and Delaby, 2005; Barre et al., 2006; Smit et al., 2006)
and tetraploid cultivars from some of these studies were often reported to have less NDF
concentration than diploid. Smit et al. (2006) have also reported that among intermediate
maturity group of perennial ryegrass cultivars NDF concentrations were not different.
Water-soluble carbohydrates (WSC) of temperate grasses includes glucose,
fructose, sucrose and fructans and is an important chemical component of grasses not
only for regrowth and development (energy reserves) but also from an animal nutritional
perspective because it increases the quantity of readily available carbohydrates by
grazing animals, thus increasing the efficiency of N conversion to microbial protein in the
rumen (Gilliland et al., 2002). Improving the concentration of WSC is now a priority
area of focus in ryegrass breeding programs (high sugar grasses) in countries like New
Zealand and Australia where ryegrass cultivars are constantly being evaluated for animal
production benefits (Miller et al., 2001; Wilkins and Humphreys, 2003; Cosgrove et al.,
2009; Easton et al., 2009). Coleman and Moore (2003) suggested that there is synchrony
between the carbon supply derived from fermented energy and the available N and that
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this adaption is a rumenal effect as rumen microbes increase their effectiveness for
digesting fiber, which infers an increase in the capacity of the animal consuming forages.
The concentration of WSC among perennial ryegrass cultivars in several studies were
reported to be different and variability in concentration ranged from 17.0 to 52 g kg-1 DM
(Smith et al., 2001; Gilliland et al., 2002; Barrett et al., 2003; Orr et al., 2003; Barre et al.,
2006; Conaghan et al., 2012) and when there was a ploidy effect, often, but not
exclusively greater for tetraploid than diploid cultivars. Additionally, whole plant WSC
concentration differences among cultivars of tall fescue ranged from 19 to 42 g kg-1 DM
(Shewmaker et al., 1997). There were also studies, however, in which the concentrations
of WSC among cultivars of perennial ryegrass were similar (Orr et al., 2005; Smit et al.,
2006).
Forage digestibility is the difference between herbage intake and excreted fecal
material and it is a proxy for forage nutritive value (Coleman and Moore, 2003). There is
a general consensus among animal nutritionists, forage agronomists and plant breeders
that digestibility is the most important selection and evaluation criterion for improving
the nutritive value of forages (Wheeler and Corbett, 1989) and ultimately the feeding
value. The range of differences in dry matter digestibility from selected studies among
cultivars of perennial ryegrass were 7.5 to 46 g kg-1 DM (Gowen et al., 2003; O’Donovan
and Delaby, 2005; Smit et al., 2006; Balocchi and López, 2009) and when there was a
ploidy effect, often greater for tetraploid than diploid cultivars. For other forage types,
the greatest difference in digestibility among cultivars of forage kochia was 116 g kg-1
DM (Waldron, et al., 2010). There were also studies that reported no differences in
digestibility of perennial ryegrass regardless of ploidy and maturity group of cultivars
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(Orr et al., 2005; Barre et al., 2006). These studies are indicative that there is a great
variation in the sward structural characteristics as well as nutritive value among forage
species, and cultivars within forage species. The following section will attempt to make
the linkage between these sward structural characteristics and nutritive value among
forage species and animal intake and subsequently grazing preference of forages.
Dry Matter Intake and Grazing Preferences among Forage Species
There is an extensive body of knowledge on studies related to the mechanisms of
grazing behavior and this also includes great advances in understanding independent
effects of sward structural characteristics (e.g., HM, sward height, and bulk density) on
components of daily DMI (e.g., bite mass and bite rate) of the grazing herbivores (Laca et
al., 1992; Baumont et al. 2000; Barrett et al., 2003; Griffiths et al., 2003). Animal
performance depends heavily on intake of digestible and metabolizable nutrients
(Mertens, 1994). To understand DMI of forages by the grazing animals it is important to
delineate the principle in which DMI is derived. Dry matter intake is a function of
animal characteristics, intrinsic feed properties, and attributes of the feeding situation
(Mertens, 1994). Mathematically, DMI is the product of total grazing time (min d-1) and
intake rate (g min-1 of grazing). Further the basis of intake rate is derived from the
product of bite rate (bites min-1) and bite mass (g DM bite-1). The question that arises
now is what are the factors affecting these components of DMI for example, what are the
factors affecting bite mass, bite rate and grazing time? Laca et al. (1992) reported that
bite depth and mass of cattle grazing homogenous sward increases with increased sward
surface height. Griffiths et al. (2003) reported that mean number of bites of grazing cattle
decreased with increased sward surface height and this they attributed to greater bite
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mass allowed by a taller sward. Bite volume of herbage of lactating dairy cows grazing
perennial ryegrass pasture increased with increasing sward surface height (Tharmaraj et
al., 2003). Dry matter intake bite-1 for dairy cows was reported to be positively related to
sward surface height (r = 0.94), which is indicative of the influence sward surface height
has on intake characteristics (McGilloway et al., 1999). From a cultivar perspective,
Barrett et al. (2003) reported that bite depth of dairy cattle was different among cultivars
of perennial ryegrass but bite rate, bite mass and ultimately intake was not affected by
cultivars. Mayne et al. (1997) reported that the number of bites for dairy cows grazing
perennial ryegrass pastures decreased with increasing forage bulk density this is so
because of an increase in bite mass. This trend was further supported by Casey et al.
(2004) who reported that sward bulk density greatly influence bite mass of cattle grazing
micro swards of perennial ryegrass cultivars. Both bite rate (min-1) and grazing time
(min 24 h-1) of beef cattle grazing perennial ryegrass pastures were not affected by
cultivars or ploidy level (Orr et al., 2005).
Since intake characteristics were shown to be altered by sward structural
characteristics and animal grazing preference it will be useful to highlight some studies to
this effect. Ruminants have consistently discriminated against various forage species
even for cultivars within forage species though it must be recognized that this varies with
animal types (Rutter et al., 2002, 2004a, Shewmaker et al., 1997). Several studies have
reported animal preference among cultivars within a forage species, for example,
Shewmaker et al. (1997), tall fescue cultivars (cattle); Gowen et al. (2003), perennial
ryegrass cultivars (dairy cows); Orr et al. (2003; 2005), perennial ryegrass cultivars
(sheep and beef cattle); Barre et al. (2006), perennial ryegrass cultivars (dairy cows);
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Balocchi and López (2009), perennial ryegrass cultivars (cattle); and Waldron et al.
(2010), forage kochia (cattle), using several grazing preference criteria (e.g., DMI,
herbage disappearance, preference score, and grazing time) have all reported that these
grazing animals showed preference among cultivars of the forage species listed. Other
studies have evaluated interspecies differences in grazing preference. Catanese et al.
(2009) reported that lambs showed preference (DMI) for annual ryegrass compared to
barley (Hordeum vulgare L.), however, this was a stall-fed study and this may not
translate to the same choice in a grazing study. Brink and Soder (2011) reported that for
cattle grazing temperate forage species (meadow fescue [Schedonorus pratensis (Huds.)
P. Beauv.], orchardgrass (Dactylis glomerata L.), quackgrass [Elymus repens (L.)
Gould.], and reed canarygrass (Phalaris arundinacea L.), there was no difference in
forage DMI despite differences in pregraze HM, sward surface height, HM and NDFD
during four out of six grazing seasons. Given the definitive display of animal preference
within cultivars of forage crops the question is what factor(s) is/are responsible for this
display? Sward structural characteristics, namely, HM, sward surface height, and tiller
height are commonly associated with the ease of prehension (Smith et al., 1997) and
based on the correlated parameters summarized in Table 1, seems to have the greatest
influence on animal grazing preference. For example, one study has reported that 57% of
the variation in grazing preference can be explained by the variation in bulk density of
the forage this is indicative of sward structural characteristics influence on DMI (Table
1). The contribution of forage morphological characteristics namely leaf and stem and
the phenological stage have played no less a role in influencing animal grazing
preference of forages (Table 1). From the studies summarized in Table 1, there is
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evidence based on the strength of the relationships that forage nutritive value is also a
contributing factor to grazing preference particularly CP, WSC, NDF and digestibility
(Table 1). The role of digestibility in influencing grazing preference among these
cultivars may be limited since digestibility of these cultivars are all consistently greater
than 75% throughout most of the growing season and thus animals discriminating against
these cultivars based on digestibility may not be a frequent occurrence since average of
the three studies indicates only 46% of the variation in intake is likely to be explained by
digestibility which is still relatively strong but not predominant (Table 1). Gregorini et
al. (2009) examining short-term foraging dynamics of cattle grazing wheat (Triticum
aestivum L.) sward with different canopy structures where morphological components
and tiller density did not differ between pastures but sward surface height and the
proportion of leaf in the middle and top canopy strata was different. In their study
herbage intake, bite mass and bite area was different among treatments and steer grazing
the tallest pasture with the greatest leaf accessibility ate faster, navigated slower and
grazed more efficiently. Thus, they concluded that pastures with the greatest leaf
accessibility may lead grazing cattle to reach the same level of DMI in less time while
grazing more efficiently per unit area of land.
Grazing ruminants face complex decisions in searching for and harvesting
adequate forage to meet their requirements in the face of heterogeneity in the abundance,
nutritive value, and distribution of forage resources (Griffiths and Gordon, 2003). Forage
DMI is a dynamic combination of animal, rumen, and plant factors (both negative and
positive) and is a major determinant of animal performance (e.g., daily weight gain and
milk production). Therefore, understanding these determinants of intake that ultimately
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determines preference can assist grazing manager in increasing pasture utilization
efficiency through either the use of appropriate forage species or by manipulation of
sward to improve the structural characteristics (e.g., increase the proportion of leaf to
stem) through fertilizer application and suitable grazing intervals. Once this is achieved,
animal production cost can be reduced by maximizing individual production from
grazing animals through increasing their daily DMI from forages.
Table 1

Correlation coefficients between animal (cattle and sheep) preference and
sward structural characteristics.

Parameters†

Correlation (r) Forages‡

References

HM

0.725, 0.54, 0.93

SG, TF, FK

Senft et al., 1985; Shewmaker et al., 1997; Waldron et al., 2010

HA

0.54

FK

Waldron et al., 2010

SSH

0.94, 0.48

PG, FK

McGilloway et al., 1999; Waldron et al., 2010

BD

0.57

PG

Barrett et al., 2003

TH

0.78

PG

Barrett et al., 2003

Leaf

0.49, 0.70,

PG, FK, TG

Barre et al., 2006; Waldron et al., 2010; Brink and Soder, 2011

Stem

-0.84

Tem. G

Brink and Soder, 2011

Phenology

-0.85

FK

Waldron et al., 2010

CP

0.74, 0.40, -0.517

SG, FK, TG

Senft et al., 1985; Waldron et al., 2010; Brink and Soder, 2011

NDF

-0.48, -0.53

PG, FK

Smit et al., 2006; Waldron et al., 2010

WSC

0.49, 0.69

TF, PG

Mayland et al., 2000; Smit et al., 2006

Ash

-0.52

PG

Smit et al., 2006

DMD

0.38, 0.508, 0.51

PG, PG, FK

Orr et al., 2003; Smit et al., 2006; Waldron et al., 2010

†HM = herbage mass, HA = herbage allowance, SSH = sward surface height, BD = bulk
density, TH = tiller height, CP = crude protein, NDF = neutral detergent fiber, WSC =
water-soluble carbohydrate, and DMD = dry matter digestibility.
‡ SG = Shortgrass steppe comprised mainly of blue grama [Bouteloua gracilis (H.G.K.)
Lag.] and buffalograss [Buchloe dactyloides (Nutt.) Engelm.], TF = tall fescue (Festuca
arundinacea Schreb.), FK = forage kochia [Kochia prostrata (L.) Schrad.], perennial
ryegrass (Lolium perenne L.), Tem. G = temperate grasses; meadow fescue [Schedonorus
pratensis (Huds.) P. Beauv.], orchardgrass (Dactylis glomerata L.), quackgrass [Elymus
repens (L.) Gould.], and reed canarygrass (Phalaris arundinacea L.).
Forage Ploidy and Water-Soluble Carbohydrate of Ryegrasses
The expected benefits that are assumed to be derived from tetraploid ryegrass
cultivars are increased concentration of WSC, digestibility, and possibly CP, and lower
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NDF concentrations relative to their diploid counterparts (Humphreys, 1989b; Smith et
al., 2001). Gains in herbage DM production is the principal driver of livestock
production (Edwards et al., 2007) and among forage species and cultivars within forage
species it is a critical forage trait since it can lead to increased pasture carrying capacity.
Results from several studies have been mixed, however, in relation to herbage production
comparisons between tetraploid and diploid cultivars of ryegrass. For example, forage
production of some tetraploid cultivars was greater than some diploid cultivars of annual
ryegrass (Nelson et al., 2011) and similarly, tetraploid cultivars of perennial ryegrass
were reported to produce greater herbage than their diploid cultivars (Gilliland et al.,
2002). The literature have shown also that diploid cultivars of both annual and perennial
ryegrasses were either greater than or similar to tetraploid cultivars (e.g., Smith et al.,
2001; Casey et al., 2004; O’Donovan and Delaby, 2005; Redfearn et al., 2005; Balocchi
and López, 2009; Parish et al., 2010) suggesting a great deal of inconsistency in herbage
production as it relates to ploidy level of ryegrasses. In recent times researchers have
focused their attention on capitalizing on the comparatively higher WSC concentration
assumed to be present in the tetraploid cultivars since this chemical component offers
multiple benefits for ruminant nutrition by increasing the feeding value of the forage
(Humphreys, 1989b; Wheeler and Corbett, 1989; Smith et al., 2001; Stewart and Hayes,
2011). High WSC is an important selection criterion of ryegrass for ruminants feeding
not merely because it alters the efficiency with which animals use the protein in herbage
but there is also concomitant reduction in fiber concentration (Humphreys, 1989b;
Cosgrove et al., 2009), thereby increasing DMI of the grazing animal (Wilkins and
Humphreys, 2003). The justification behind capitalizing on higher WSC ryegrass is that
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it increases the supply of readily available energy to support the microbial degradation of
plant protein in the rumen (Cosgrove et al., 2009). This improves the incorporation of
plant protein into microbial protein that ultimately becomes available in the lower
digestive tract as a protein source to the ruminant (Cosgrove et al., 2009), thereby
increasing animal performance. Currently, these grasses are promoted in grassland
systems for their ability to increase animal production performances, that is, liveweight
gain and milk production. Therefore, it is useful to examine the literature on the
performance of animals grazing these forages (tetraploid cultivars and high WSC grasses)
compared to the standard cultivars (diploid).
Elevated WSC of Ryegrasses on Animal Performance
There are very minimal studies available in the literature that have focused on this
topic to date since it is still a fledgling area in grassland research with the Europeans,
New Zealanders, and Australians at the forefront (Lee et al., 2001; Miller et al., 2001;
Lee et al., 2003; Taweel et al., 2005; Cosgrove et al., 2009). Of the few studies in this
area, some were conducted under stall-fed condition ‘zero-grazed’ and thus it is difficult
to gauge animal performance under grazing by extrapolation of responses from these
studies. Due to the paucity of information, however, these studies were included in the
discussion of this topic. Lambs daily liveweight and production per hectare was greater
by 12% and 23% respectively for lambs grazing perennial ryegrass pastures bred for
elevated WSC concentration compared to an intermediate WSC perennial ryegrass
cultivar (Lee et al., 2001). In their study, correlation indices indicate a strong relationship
between liveweight gain and WSC (r = 0.67; P < 0.05) and fiber (r = -0.73; P < 0.05).
Also, the fiber concentration was lower in the high WSC cultivar. In a similar study,
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Marley et al. (2007) evaluated lamb performance on two cultivars of perennial ryegrass
and found that weight gain tended to be greater (31.15 vs. 30.0 kg) on high WSC cultivar
compared to the standard cultivar. In this study, however, WSC concentration was only
14 g kg-1 DM greater on high WSC cultivar than the standard perennial ryegrass cultivar,
which may indicate why the difference in lamb weight gain was marginal. Other
evaluations, for example, Miller et al. (2001) under stall-fed conditions using dairy cows
fed high WSC concentration perennial ryegrass reported a greater milk production than
cows consuming the standard cultivar by 2.7 kg cow-1 d-1 even though milk constituents
were not different. In this particular study, DMI intake from grass was the same but
digestibility and WSC were higher by 70 g kg-1 DM and 39 g kg-1 DM, respectively, for
the high WSC grass compared to the standard cultivar (Miller et al., 2001). Moorby et al.
(2006) under stall-fed condition, found no difference in milk production when dairy cows
were fed a high WSC grass compared to a standard cultivar of perennial ryegrass even
though the WSC concentration (82 g kg-1 DM greater than), digestibility (30 g kg-1 DM
greater than) and grass DMI (15.3 kg d-1 cow-1 vs. 13.1 kg d-1 cow-1 respectively) were all
greater for elevated WSC cultivar compared to the standard cultivar. The difference in
DMI was attributed to the difference in NDF concentration, which was lower for the high
WSC grass compared to the standard cultivar. Evaluating an Italian tetraploid ryegrass
and a diploid perennial ryegrass with elevated WSC concentration compared against a
standard perennial ryegrass cultivar for dairy cows in New Zealand, Cosgrove et al.
(2007) reported mixed results. In the first year of their study, the production of milk and
milk solids were not influenced by ryegrass cultivar even though there was a 20 to 40 g
kg-1 DM greater WSC concentration for the two elevated WSC cultivars compared to the
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standard. In the second year, however, elevated WSC cultivars had greater milk solids
compared to the standard (1.09 vs. 0.99 kg cow-1 d-1 respectively). They suggested that
greater milk solids cannot be attributed to higher WSC in its entirety because other
factors such as the lower fiber concentration of elevated WSC grasses or factors affecting
intake and the partitioning of nutrients to production or body reserves may have played a
more pivotal role (Cosgrove et al., 2007).
There were several studies that showed neither ploidy nor elevated WSC of forage
cultivars were able to alter animal performance. For example, Bruynooghe et al. (1997)
studying the performance of beef yearlings grazing diploid and tetraploid crested
wheatgrasses (Agropyron cristatum L.) reported no difference in animal performance
grazing the two ploidy of wheatgrasses. Further, in a study comparing milk production
and body weights of dairy cows on perennial ryegrass cultivars, ploidy level of cultivars
had no effect on milk production and body weights (O’Donovan and Delaby, 2005). In a
strip grazing experiment by Taweel et al. (2006), even though the high WSC cultivar had
greater WSC concentration (32 g kg-1 DM) than the standard cultivar, DMI, milk
production, and fiber clearance rate were not different for dairy cows grazing the two
cultivars. Taweel et al. (2006), in a subsequent study under stall-fed condition, reported
an average 27.5 g kg-1 DM greater WSC concentration for high WSC cultivar compared
to two standard cultivars of perennial ryegrass but both DMI and milk yield again were
not influenced by cultivar. Even though the pool of research in this area is small from the
studies highlighted in this discussion, there is no definitive advantage of ploidy level
(tetraploid) and high WSC concentration cultivar compared to their standard
counterparts.
32

Stocking Rates and Animal Performance on Ryegrass Pastures
Pasture stocking rate is the relationship between the number of animals and the
total area of land in one or more units utilized over a specified time period (Allen et al.,
2011). Again the literature is limited on studies that focused primarily on ploidy levels
and elevated WSC concentration of ryegrasses as affected by stocking rates. Therefore,
the purpose here is not to detail the effects of stocking rate on herbage mass and animal
performance but just to highlight the general trends and speculate on some implications
for ploidy level and elevated WSC cultivars of ryegrasses as affected by stocking rates.
The literature is definitive as to the effect of stocking rate on HM and animal
performance. Irrespective of forage species, HM of pastures and average daily gains of
animals showed either a linear or quadratic decrease with increasing stocking rate
(Schlegel et al., 2000; Hernández Garay et al., 2004; Gunter et al., 2005; Stewart Jr. et al.,
2007; Wyatt et al., 2012). Sollenberger and Vanzant (2011) in an extensive review on the
interrelationships among forage nutritive value and quantity and individual animal
performance suggested that from the data they have evaluated a high proportion (60–
90%) of the variation in animal performance can be explained by forage quantity. Watersoluble carbohydrates are major metabolic and storage components in cool-season
forages (White, 1973; Humphreys, 1989a) and there has been suggestion that if ryegrass
is allowed to grow to greater pasture mass it might be expected to have higher WSC
concentration for example, by employing a grazing management system that allowed for
higher accumulation of pasture mass, e.g., low stocking rate vs. high stocking rate
(Edwards et al., 2007). This may have an impact on animal performance but it is not
quite clear since other factors are also intricately linked to animal performance, e.g.,
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increased in DMI due to lower fiber concentration (Lee et al., 2001). Cosgrove et al.
(2009) found that for each unit increase in WSC concentration, CP had the most
reduction (0.44 to 0.62 units) followed by fiber (0.17 to 0.30 units) and suggested that
this concentration of fiber affects DMI and the intake of N has direct effect on animal
response independent of WSC concentration. Thus, regardless of the differences in WSC
concentration in ryegrasses, experimental evidence suggests an inconsistent trend with
regards to animal performance on tetraploid cultivars compared to diploid cultivars.
Sollenberger and Vanzant (2011) suggested that across a wide variation of forage
quantity including low herbage mass there may be no detectable relationship between
nutritive value and average daily gains because of the overriding influence of forage
quantity.
Defoliation Effects on Forage Crops Productivity
Defoliation in forage management refers to the removal of plant tissue (above
ground parts) by either grazing animals or mechanical means. Therefore, under grazing
or mechanical harvest, defoliation removes leaves, stems, and inflorescences in varying
proportions (Allen et al., 2011). Two important aspects of defoliation management of
forages that can be manipulated are frequency and intensity (severity) of grazing or
mechanical harvest (Bryan et al., 2000). Defoliation frequency referred to the interval
between successive bouts of grazing or period between one harvest event and the next
and intensity is associated with the stubble height residue or residue of tissue remaining
after grazing or mechanical harvest (Garcia et al., 2003; Lemaire et al., 2009).
Fundamental in the evaluation of forages is an in depth understanding of the impact of
defoliation frequency and intensity on forage crops productivity and vigor (Gillen and
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Berg, 2005). The justification behind this concept is that different forage species and
cultivars within forage species may respond differently to defoliation frequency and
intensity which is often allied to the morphological and physiological characteristics of
the species (D’Angelo et al., 2005). Therefore, understanding the response of both C3
and C4 forages to defoliation frequency and intensity will give insights not only into
forage crops productivity (both quantitative and qualitative) but also and most
importantly into the margin of survival range of the plant since plant persistence is one of
the foremost forage characteristic.
There are several commonly used criteria that serve as a guide for appropriate
defoliation intervals for forage crops. These are based on number of days, sward surface
height, HM, and number of leaves tiller-1 but the first three indicators were developed
based on number of animals, paddock numbers and size, and feed allocation principles
for grazing livestock (Fulkerson and Donaghy, 2001). Given these associations, there are
several hindrances associated with these criteria used as forage defoliation readiness.
Defoliation based on number of days has been argued and substantiated as being the least
accurate of the methods, since this method does not factor in variation in weather
conditions and this certainly will impact growth and herbage production of forage crops
at specified time periods (Fulkerson and Donaghy, 2001). Sward surface (canopy) height
is more decisive given that it has a strong positive correlation to forage mass (Webby and
Pengelly, 1986). The limitation of this method, however, is that it does not account for
sward density among other variables such as forage species, genotypic variations
(cultivars within species), soil fertility, and moisture availability (Fulkerson and
Donaghy, 2001).
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Herbage mass (pasture mass) is considered the most accurate of the three
methods, since it accounts for both sward height and density but it is more an animal
related indicator of when pastures can be grazed or mechanically harvest. Further, such
estimation of herbage mass has various ramifications, e.g., using a constant herbage mass
across species will not be rational mainly due to difference in growth habit and growth
rates of different forage species (Sollenberger and Burns, 2001). Fulkerson and Donaghy
(2001) offers suitable examples where impediment to this method can surface, one such
example, is where forage crops are grown they encountered low soil fertility and moisture
availability, thus restricting their growth but leaf maturity indicates that if left any longer
forage quality will be reduced and wastage of feed is inevitable. On the other hand, the
contrast is where soil fertility and moisture availability are adequate, thus desired forage
mass may be reached at an earlier date but because of stage of plant development
(Fulkerson and Donaghy, 2001) there will be insufficient storage energy (WSC reserve)
for regrowth of pasture and this can lead to pasture extinction.
Prudent forage management philosophy dictates that we must see ourselves as
forage producers using livestock to harvest our crop and not the reverse of being
livestock producers who graze their animals on pastures (Ball et al., 2007). The concept
of leaf stage defoliation (number of leaves tiller-1) is considered a superior method used
as an indicator of pasture readiness to be defoliated since it more readily reflects the
ambit of plant recovery from grazing or mechanical harvest in relation to energy reserve
levels (WSC) and forage nutritive value for enhanced ruminant nutrition (Donaghy et al.,
2008). Currently, forage producers in Australia, New Zealand, and many western
European countries base their grazing management decision (readiness of forage to be
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defoliated) primarily on the leaf stage approach (Chapman et al., 2011). In the USA,
however, grazing management decisions are based primarily on number of days and
sward surface height (Motazedian and Sharrow, 1990; Cuomo et al., 1996; Bryan et al.,
2000; Burns et al., 2002; Brink et al., 2010). The literature is devoid of comparative
studies utilizing these defoliation criteria since most researchers have focused on specific
defoliation methods with many variations within a particular method. The intentions of
this chapter are to draw on some key trends that have been reported in the literature on
the impact of defoliation frequency and intensity with major emphasis on leaf stage based
defoliation on forage crops productivity.
Defoliation Frequency and Intensity on Herbage DM and Tiller Density
Two influential forage management tools of defoliation that modulates forage
production variables are frequency and severity (Teixeira et al., 2007a). Numerous
studies have reported that defoliation impositions are often likely to influence the
quantity of forage produced in addition to forage persistence (Fulkerson and Slack, 1995;
Cuomo et al., 1996; Turner et al., 2006a, 2006b; Donaghy et al., 2008; Pembleton et al.,
2009). In studies using number of leaves tiller-1 (Turner et al., 2006a, 2006b; Donaghy et
al., 2008) and those using number of days (Motazedian and Sharrow, 1990; Cuomo et al.,
1996; Brink et al., 2010; Inyang et al., 2010a; Tessema et al., 2010) as the criteria for
defoliation, irrespective of forage species, plants defoliated infrequently produced greater
herbage DM than those defoliated frequently. Using data from several studies on leaf
stage defoliation the general trend observed for several forage species (Fig. 1)
represented by the percent of herbage of the total at each leaf stage was a linear increase
in herbage production as the frequency at which plants are defoliated decreases (i.e., from
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one leaf stage to the next). The difference ranged from 5 to 42% increase in herbage
production for each successive increase in leaf defoliation stage (Turner et al., 2006a,
2006b; Donaghy et al., 2008). Other studies using leaf stage defoliation that were not
used in this analysis but reported similar trend of increased herbage DM production as
defoliation frequency decreases are Fulkerson and Slack, (1995) using perennial ryegrass,
Donaghy and Fulkerson, (1997) perennial ryegrass, Lee et al., (2009) perennial ryegrass,
and Callow et al., (2005) annual ryegrass (Lolium rigidum Gaud.) and Italian ryegrass
(Lolium multiflorum Lam.). In a study using leaf stage based defoliation frequency with
a C4 grass (warm-season grass), Rhodesgrass (Chloris gayana Kunth.), Pembleton et al.
(2009) reported that the herbage production was 55 to 58% greater when harvested at 6and 8-leaves tiller-1 respectively than at the 2-leaves tiller-1 stage. These responses
confirm to a great extent that less frequent defoliation from a leaf based indicator method
produced more herbage DM than more frequently defoliated forages.
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Figure 1

Proportion of the total forage dry matter production based on leaf stage
defoliation intervals (number of leaves tiller-1) at each leaf stage.

Based on data extracted from studies using several forage species by Turner et al. (2006a,
2006b) prairiegrass, orchardgrass and perennial ryegrass and Donaghy et al. (2008) tall
fescue.
Other studies have used defoliation frequencies based on sward surface height and
number of days as criteria of when to defoliate. In studies using C3 forages, Bryan et al.
(2000) studying defoliation frequency based on sward height of Kentucky bluegrass (Poa
pratensis L.) reported a 13 to 21% greater herbage DM for medium (13.7 cm) and tall
(15.3 cm) sward height, respectively, compared to short (11.8 cm) sward height. Brink et
al. (2010) using three forage species, meadow fescue, tall fescue, and orchardgrass in a
comparative study that classified frequent harvest as when plants reached 25-cm sward
height versus infrequent harvest at 40- to 60-d defoliation intervals. In their study, all
three grasses had greater annual herbage DM production for infrequent harvest (average
= 7.46 Mg ha-1) compared to frequent harvest (average = 5.92 Mg ha-1). Teixeira et al.
(2007a; 2007b) studying the dynamics of lucerne (Medicago sativa L.) yield components
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(known as alfalfa in the USA) in response to defoliation frequency reported 47.8%
greater shoot DM production at 42-d clipping intervals compared to 28-d. Giambalvo et
al. (2011) using berseem clover (Trifolium alexandrinum L.) in a cutting frequency study
(based on number of days) and stubble height reported that clipping berseem clover at
intervals of 28-d resulted in a 17.3% lower herbage DM production compared to clipping
intervals of 35-d but this difference only occurred in the first year of their study as cutting
frequency had no effect on herbage DM production in the second year. For C4 grasses,
Cuomo et al. (1996) studying defoliation frequency of bahiagrass cultivars reported that
at less frequent harvest intervals that is, 30- and 40-d there was a 10 to 14% respectively
greater herbage DM production compared at 20-d intervals. Inyang et al. (2010a)
examining the impact of harvest frequency on brachiariagrass ‘Mulato II’ [Brachiaria
brizantha (Hochst. ex A. Rich) × Brachiaria ruziziensis (R. Germ and C.M. Evrard)]
reported an overall 6% greater herbage accumulation at 4-wk harvest (infrequent) relative
to 2-wk harvest (frequent). In a study using Napiergrass [Pennisetum purpureum (L.)
Schumach], the difference in herbage DM produced was 48% greater when harvested at
120-d compared to 60-d intervals (Tessema et al., 2010). In contrast, Malinowski et al.
(2003) using several wheatgrasses reported that frequent defoliation (3-wk) increased
herbage production by 22 to 37% in the first year of their study relative to infrequent
defoliation (6-wk). Therefore, the summary results of these studies presented showed an
overwhelming trend of increased herbage DM production under less frequent defoliation
management regardless of the method employed.
Fulkerson and Slack, (1995) harvesting perennial ryegrass at 2-, 5-, and 12-cm
residual stubble heights (RSH) reported that forage harvested was similar at 2- and 5-cm
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RSH but both were an average of 13.3% greater than at 12-cm RSH. Perennial ryegrass
harvested at 2-, 4-, or 6-cm RSH displayed greater forage regrowth at 6-cm RSH (Lee et
al., 2009). Malinowski et al. (2003) using wheatgrasses clipped to either 7.5- or 15-cm
RSH reported that all species had averaged 64% greater herbage DM at 7.5- than 15-cm
RSH. Conversely, Volesky and Anderson, (2007) reported that orchardgrass and
meadow bromegrass clipped at 14- or 21-cm RSH they had greater forage harvested
(average = 22.22 Mg ha-1) than at 7.5-cm RSH (average = 14.03 Mg ha-1). Brink et al.
(2010) reported that annual herbage DM production for meadow fescue, tall fescue, and
orchard grass harvested at 5-cm RSH (average = 7.52 Mg ha-1) was greater than at 10-cm
RSH (average = 5.88 Mg ha-1). Macoon et al. (2002) studying defoliation effects on
persistence and productivity of four Pennisetum spp. genotypes reported in their early
season harvest herbage DM produced was greater for all genotypes at 20-cm than 40-cm
RSH. However, in late season harvest of the first year RSH had no effect on herbage DM
production. They also reported that the cultivar ‘Mott’ tended to be greater in late season
harvest at 20-cm than 40-cm RSH and for early season in the second year, Mott
elephantgrass produced 36.5% greater herbage DM at 20-cm compared to that at 40-cm
RSH. Contrary to this response, experimental line 360 in their study produced 80%
greater amount of herbage DM at 40-cm than at 20-cm RSH. This response of greater at
20-cm compared to 40-cm RSH was as a result of the smaller proportion of canopy
harvested at 40-cm compared to 20-cm. Inyang et al. (2010a) harvesting brachiariagrass
Mulato II at 2.54-, 7.62-, and 12.7-cm RSH reported a quadratic decrease in herbage
accumulation from 0.82 to 0.64 Mg ha-1 with increasing RSH. Contrary to the common
trend of a stubble height influence on herbage DM production, Tessema et al. (2010)
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using Napiergrass (also known as elephantgrass) harvested at five different RSH ( 5-, 10-,
15-, 20-, and 25-cm) reported no stubble height effect on the amount of herbage DM
produced. Macoon et al. (2002) suggested that variations in forage morphological
characteristics and growth habits (e.g., compact, dense canopy, resulting in self-shading
leaves) of certain cultivars may have no benefits from lenient defoliation. From the
studies examined for residual stubble height effects, 55% reported that defoliating at
higher RSH produce greater herbage DM than low RSH. On the other hand, 45%
reported higher herbage DM production at lower RSH than high RSH. This is indicating
that the response of forage species in terms of herbage DM production will depend on
how severe the plants are defoliated.
The principal yield component of forages that is believed to be responsible for
most of the increase in forage biomass production is tiller density and mass (Hernández
Garay et al., 1997; Muir et al., 2001). The consequences of defoliation frequency and
intensity on tiller density of forage crops have also been well studied. For example, in
studies by Donaghy and Fulkerson, (1998, 2002) defoliating perennial ryegrass at 3-leaf
stage resulted in greater number of tillers plant-1 (73) compared to 1-leaf stage (37).
When prairiegrass was subjected to different leaf stage defoliation, tiller numbers plant-1
was 33% greater at 4-leaf stage compared to that at 2- and 3-leaf stages (Turner et al.,
2006a). In a follow-up study, however, Turner et al. (2006b) reported that defoliating
perennial ryegrass, prairiegrass, and cocksfoot (orchardgrass) at 2-, 3-, or 4-leaves tiller-1
leaf stage had no effect on plant density throughout the duration their experiment. From
the perspective of defoliation intensity, in a study that used several cool-season perennial
grasses there was a 48 to 55% reduction in tiller density when forages were harvested to
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7-cm RSH compared to 14- and 21-cm RSH respectively (Volesky and Anderson, 2007).
This is suggesting that intense defoliation is not only a threat to forage productivity but
also and most importantly persistence of forage species. When Mulato II brachiariagrass
was subjected to several defoliation intensities, the observed ground cover increased
linearly from 74 to 87% as RSH of harvested forage increased from 2.54-cm to 12.7-cm
(Inyang et al., 2010a). This is further proof of the damaging effects of intense forage
defoliation. In contrasting and similar trends, Malinowski et al. (2003) using several
wheatgrasses reported that tiller survival increased with frequent defoliation of
intermediate wheatgrass [Thinopyrum intermedium (Host) Barkworth and D.R. Dewey]
by 33 to 70% but decreased by 52% in hybrid wheatgrass [Elytrigia repens (L.) Nevski ×
Pseudoroegneria spicata (Pursh) L ̒ ve] and by 33% to 50% for pubescent wheatgrass (T.
ponticum (Podp.) Barkworth and D.R. Dewey]. The results from these studies, is
suggesting different forage species may respond differently to defoliation intensity in
regards to tiller production.
Stubble WSC Content Impact on Herbage Production
Carbohydrate reserves are used by plants as a substrate for growth and respiration.
These carbohydrates are termed nonstructural carbohydrates (TNC) that includes the
reducing sugars (glucose and fructose), non-reducing sugars (sucrose), fructosans, and
starches are the major reserves constituents (White, 1973). The predominant
carbohydrates stored by grasses of temperate origin are fructosan and sucrose (WSC) and
for grasses of tropical origin, starch and sucrose (White, 1973). Frequent and severely
defoliated forage plants are often left with little or no leaf area and are therefore, unable
to meet the energy demands necessary for regrowth and respiration solely through
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photosynthesis during immediate post-defoliation period (Lee et al., 2009). There is
empirical evidence that shows frequent and intense defoliation depletes the energy
reserves in the tiller base (stubble) of forages, for cool-season grasses (e.g., Donaghy and
Fulkerson, 1997). Typically, temperate grass species store WSC reserves mainly in their
tiller bases, and then use these energy reserves to supply energy to plants for continued
growth and function of the plant when current energy through photosynthesis is
inadequate to meet plant demand following defoliation (White, 1973). Residual stubble
height post-defoliation not only influence the absolute level of WSC in the stubble, but
also changes the plant requirements in view of differing levels of residual leaf and hence
photosynthetic capacity of the plant (Fulkerson and Slack, 1995). Thus, plants defoliated
more intensely will be more dependent on their stubble energy reserves (WSC) to provide
the energy necessary for regrowth compared to more laxly defoliated plants (Lee et al.,
2009). Data extracted from two studies (Turner et al., 2006a; Donaghy et al., 2008) have
clearly showed that as leaf stage increased from 1- to 6-leaves tiller-1 there was a strong
linear increase in stubble WSC content (Fig. 2). This is indicative that for less frequent
defoliation (e.g., 4-, 5-, and 6-leaf stages), plants are allowed adequate time to replenish
their energy reserves.
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Figure 2

Stubble WSC content of forage harvested at different leaf stages

(A) Tall fescue and (B) Prairiegrass defoliated to 5-cm residual stubble height. Data
extracted from Turner et al. (2006a) and Donaghy et al. (2008).
There was a strong positive linear relationship between stubble WSC content and
leaf DM production at each regrowth stage (Fig. 3). Donaghy et al. (2008) studying
defoliation effect on WSC reserves and how it influences herbage DM production of tall
fescue reported a strong positive relationship between WSC content of tiller and leaf DM
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production [Leaf DM plant-1 (g) = 0.510 stubble WSC (mg tiller-1) + 1.010 (R2 = 0.61)].
Lee et al. (2009) also reported a positive linear relationship between post-defoliation
stubble WSC content and perennial ryegrass herbage regrowth [Perennial ryegrass
regrowth (kg DM ha-1) = 68.2 WSC + 53.4 (R2 = 0.78)]. They suggested that postdefoliation stubble WSC content explained between 27 and 78% of the variation in
perennial ryegrass regrowth depending on the severity to which plants were defoliated.
Therefore, one of the major hindrances to forage regrowth is the continual depletion of
and insufficient time for replenishment of stubble WSC content.

Figure 3

Tall fescue leaf dry matter production in response to post-defoliation WSC
content of stubble harvested at six different leaf stages

Data extracted from Turner et al. (2006a) and forage was defoliated to 5-cm residual
stubble height.
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Defoliation Interval Effects on Forage Nutritive Value
Forage nutritive value is defined by Mott and Moore (1985) as the chemical
composition, digestibility, and nature of digested products and it is often expressed using
CP, in vitro dry matter (or organic matter) disappearance (IVDMD), NDFD, NDF, acid
detergent fiber (ADF) and lignin concentrations (Sollenberger and Vanzant, 2011). It is
known that plant maturity (stage of growth) plays an influential role in dictating nutritive
value concentrations of forage crops and the normal response is that as forages age their
nutritive value concentrations decreases, largely due to an increase in the structural
components of plant cell wall. This often lower nutritive value concentration as forage
plants age is associated with rapid changes in the stem anatomy, that is, high lignification
of xylem stem and high concentration of vascular bundles and other sclerenchyma cells
(Nelson and Moser, 1994). Therefore, it is expected that infrequent defoliation either
associated by number of days, sward surface height or leaf stage has generally resulted in
lower forage nutritive value than more frequently defoliated forages (Motazedian and
Sharrow, 1990; Cuomo et al., 1996; Bryan et al., 2000; Donaghy et al., 2008; Pembleton
et al., 2009; Tessema et al., 2010). For example, results from a study by Turner et al.
(2006b) using prairiegrass showed that CP concentration decreased by an averaged 12%
for harvest at each successive leaf defoliation stage. Further, Donaghy et al. (2008)
defoliating tall fescue at five different leaf stages of regrowth showed that the
incremental differences in nutritive value parameters were 11.5% CP, 4% digestibility
decreased and 17% ADF, 6% NDF increased with every successive increase in leaf
defoliation stage (Fig. 4). For Rhodesgrass defoliated at 2-, 4-, 6-, and 8-leaves tiller-1
stages, the CP concentration declined by an average of 13% at each successive leaf
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defoliation stage (Pembleton et al., 2009). The decrease in nutritive value is associated
with a decrease in leaf-to-stem ratio of forages at each increase in leaf stage defoliation
intervals (Pembleton et al., 2009). Defoliation intensity (severity) also alters nutritive
value of forage crops, for example, Volesky and Anderson (2007) using four cool-season
perennial grasses reported that for creeping foxtail (Alopecurus arundinaceus Poir.)
nutritive value parameters (CP and digestibility) were not affected by stubble height but
for smooth bromegrass, orchardgrass, and meadow bromegrass, CP concentration was
lesser at 7-cm compared with 14- and 21-cm stubble heights. In addition, digestibility of
smooth bromegrass in their study was greater at each successive stubble height
defoliation but for the other three species digestibility was less at 7-cm than at 14- and
21-cm stubble height. The lower nutritive value at the most intense defoliation was
attributed to the depth at which the forages were harvested, thus encountering more stems
and dead materials, which are of lower nutritive value, lower in the sward canopy. In a
study by Lee et al. (2009) using perennial ryegrass, the results of their showed a marginal
decrease of 7% for CP and 3% for ADF as residual stubble height increased from 2- to 4and 6-cm but NDF, WSC, and digestibility were not affected by stubble height.
Defoliation severity also affected nutritive value of Mulato II brachiariagrass with a
linear increase in both CP and digestibility with decreasing stubble height (Inyang et al.,
2010a). This response is largely attributed to the overall less mature forage regrowth
experienced at more intense defoliation compared to less intense defoliation.
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Figure 4

Nutritive value concentrations of tall fescue harvested at five different leaf
stages.

CP = crude protein, ADF = acid detergent fiber, NDF = neutral detergent fiber, and DMD
= dry matter digestibility. Source: Donaghy et al. (2009).
In summary, both defoliation frequency (regardless of method employed) and
intensity altered herbage DM production, tiller density, and nutritive value of forages.
The general trend is that infrequent defoliation maximizes herbage DM production but
minimizes forage nutritive value. There seems to be greater variability in the response of
forage crop to defoliation intensity, however, and the response was based on forage
species and the residual stubble height. While these studies reported are clipping studies
and they can often inflate yield response compared to grazing, the results of these studies
provided valuable information on the fundamental forage growth and species responses
to defoliation frequency and intensity.
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CHAPTER III
CATTLE GRAZING PREFERENCE AMONG TETRAPLOID AND DIPLOID
ANNUAL RYEGRASS CULTIVARS

Abstract
Determination of animal preference early in the evaluation process of new forages
can be advantageous because of positive relationships with forage quality. A 2-yr study
was conducted at Raymond, Mississippi, USA to determine grazing preference of cattle
between tetraploid and diploid annual ryegrass (Lolium multiflorum Lam.) cultivars and
its relationship with morphological and chemical characteristics. Treatments were two
tetraploid cultivars ‘Maximus’ and ‘Nelson’ and two diploid cultivars ‘Marshall’ and
‘Gulf’ arranged in a 4 × 4 Latin square design experiment. Plots were 10 × 10 m
separated by 2-m alleyways. Eight Angus crossbred yearling steers (initial body weight
of 320 ± 19 kg) were assigned to graze the plots for 48-h every 28 d. Animal preference
was based on herbage disappearance, the Chesson-Manly (CM) index, and amount of
time spent grazing. Responses were considered different P < 0.05. Herbage
disappearance was greater for the tetraploid (1400 kg ha-1) than diploid cultivars (890 kg
ha-1). For both years, CM index was greater for the tetraploid cultivars than for the
diploids (8.1 vs. 5.8%, 2011 and 6.9 vs. 5.5%, 2012). Also, animals spent about 10%
greater time grazing the tetraploid than diploid cultivars during both years. During the
first year, the tetraploid cultivars had lesser NDF (556 g kg-1) than the diploid cultivars
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(589 g kg-1). Also, diploid cultivars had greater ADF (359 g kg-1) than tetraploid
cultivars (341 g kg-1) and Nelson had greater WSC concentration (184 g kg-1) than the
other three cultivars (152 g kg-1). In the second year, NDF, ADF, and WSC were not
different among cultivars. Tetraploid cultivars had a greater proportion of leaf than
diploid cultivars. The results indicate that cattle showed greater preference for tetraploid
cultivars, which appeared to be linked mainly with pregraze HM and the proportion of
leaf, and this may lead to increased utilization efficiency of pastures.
Introduction
Annual ryegrass (Lolium multiflorum Lam.), the predominant cool season forage
in the U.S. southeast region, plays an important role in alleviating winter feeding
limitations and contributes tremendously to improved animal nutrition (Lippke and Ellis,
1997; Redfearn et al., 2002). Also, annual ryegrass has outstanding forage nutritive value
and superior animal performance compared to other grasses. Forage breeders continue to
develop new cultivars that may exhibit superior attributes compared to existing cultivars
in forage production and quality and also disease resistance and cold tolerance. Typically,
such new forages would be compared with existing cultivars for forage yield and
nutritive value characteristics.
Despite the outstanding accomplishments in plant breeding, however, the
incremental gain in productivity resulting from new forages is likely to be very small in
developed countries such as the USA, where forage research is highly advanced. For
example, over the last 50 yr in the USA gains in forage dry matter yield resulting from
new cultivars ranged from 0 to 1% per decade (Wilkins and Humphreys, 2003; Casler,
2008). Because of this, recommended research protocols dictate that animals must be
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used to provide the final verdict in determining the value of new forages, typically by
measuring animal performance in grazing trials (Wheeler, 1981). Use of animals earlier
in the evaluation process can be advantageous because of a positive relationship between
animal preferences (relative consumption when given a choice) and forage nutritive
value.
Animal performance on pasture is driven by forage intake, but measurement of
intake is not simple or easily done. Extensive research has been devoted to measuring
digestibility and comparing it with intake because digestibility can be accurately
measured with relative ease compared to intake (Mertens, 1994). There is evidence,
however, that even at similar digestibility, intake of different forages or different
components of forage may vary. Preference by animals often provides strong indications
of relative intake. Given the opportunity, cattle will select particular plant or plant parts,
although they are known to be indiscriminate grazers, and preference has been closely
linked to relative intake. Cattle have shown preference among cultivars within species of
various forage crops (Shewmaker et al., 1997; Mayland et al., 2000; Smit et al., 2006;
Waldron et al., 2010). To date, the mechanisms behind many of these preferences are
relatively unknown.
Tetraploid annual ryegrasses are created from doubling of the chromosomes of
diploid cultivars. Annual ryegrass variety trials by Mississippi State University and other
institutions in the region demonstrate that often tetraploid ryegrass cultivars may have a
numerically higher forage yield compared to traditional cultivars, but this difference is
not always statistically significant (Lang et al., 2009; Parish, 2010). There is evidence
that for cattle grazing perennial ryegrass, tetraploid cultivars were preferred to diploid
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cultivars (Balocchi and López, 2009). Several factors, including sward surface height,
bulk density, and morphology are known to influence grazing behavior, and some
chemical constituents, especially water-soluble carbohydrate (WSC), have been
implicated in influencing intake. Tetraploid cultivars were bred to have greater cell
content than diploid cultivars and therefore, tetraploid cultivars are expected to have
greater digestibility, crude protein (CP), and WSC concentration than diploid cultivars
(Stewart and Hayes, 2011). This research aims to discern any relative preferences among
tetraploid and diploid cultivars of annual ryegrass and to correlate such preferences with
morphological or chemical characteristics. The objective of this study was to determine
grazing preference between tetraploid and diploid annual ryegrass cultivars and its
relationship with morphological and chemical characteristics.
Materials and Methods
Study Site
The study was conducted at the Brown Loam Branch Experiment Station at
Raymond, Mississippi, USA (32° 12′ N, 90° 30′ W) during the winter through spring
grazing seasons of 2010-2011 and 2011-2012. Soils at the experimental site are
predominantly Loring silt loam (fine-silty, mixed, thermic Typic Fragiudalfs).
Weather
Grazing commenced late in the first year of the study due to delayed planting as a
result of low precipitation in September and October of 2010-2011 growing season (Fig.
5). Further, from November through February of the 2010-2011 growing season average
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air temperatures was lower than the corresponding months of the 30-yr average possibly
causing further restriction in forage growth during those months (Fig. 5).

Figure 5

Monthly accumulated precipitation and mean air temperature at Brown
Loam Experiment Station, Raymond, Mississippi

During September to June of 2010 to 2011 and 2011 to 2012 and 30-yr average was
calculated from 1980 to 2010 data. Vertical bars represent accumulated precipitation and
lines represent average air temperatures.
Treatments and Experimental Design
There were four treatments consisting of four annual ryegrass cultivars in this
study. Treatments were: (1) ‘Marshall’, a popularly recommended diploid cultivar, (2)
‘Gulf’, a diploid annual ryegrass cultivar, (3) ‘Maximus’, a tetraploid cultivar marketed
by Barenbrug USA, and (4) ‘Nelson’, another tetraploid cultivar developed by the Texas
Agricultural Experiment Station now called the Texas A & M AgriLife Research. The
treatments were arranged in a 4 × 4 Latin square design experiment.
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Plot Management
The experimental plots were 10 × 10 m separated by 2-m alleyways. In the first
year of the study, plots were seeded in late November 2010 at a seeding rate of 30 kg ha-1
for each cultivar. In the second year, plots were seeded in early October 2011 at the same
seeding rate used in the first year of the study. There were two such sets of plots,
adjacent to each other and separated by a 10-m alleyway, each with the treatment
allocation randomized separately. Each set of plots was called a “grazing unit” for
identification purposes. Duplicate grazing units were used to allow for repetition of both
grazing behavior observations and measurements for characterization of the grazed
portion of the canopy, described below. Three weeks after emergence of ryegrass, all
plots received 60 kg ha-1 each N, P2O5 and K2O using a mixed fertilizer (17-17-17).
Thereafter, N fertilizer was applied using Urea at a rate of 28 kg N ha-1 at each
application after each grazing event. This fertilizer application strategy was carried out in
both years of the study.
Animal Management and Forage Measurements
The animal handling procedures used in this experiment were approved by the
Mississippi State University Institutional Animal Care and Use Committee (Protocol no.
09-068). In this study, a group consisting of eight Angus crossbred yearling steers (initial
body weight [BW] of 211± 40 kg in 2011 and 321± 19 kg in 2012), considered sufficient
to graze the available forage mass without any limitations to forage availability were
assigned to graze these plots for a 48-h duration (called a grazing event) and grazing
events were repeated every 28 d on each grazing unit until the end of the growing season.
In the first year, grazing event commenced 19 April and ended on 23 May 2011. In the
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second year, grazing events commenced 30 January and ended on 22 May 2012. Prior to
being placed on the grazing unit and between grazing events for the rest of the study
period, animals were kept on pastures planted with adjacent strips, equal in land area, of
each of the four treatment cultivars. Animals had access to a continuous supply of fresh
water in each grazing unit through four self-regulated troughs equally spaced to each row
in each grazing unit and tap water supply system.
Animals were placed on the first grazing unit at 0600 h on Day 1 of grazing
observations during the two 48-h grazing events then moved to the second grazing unit at
0600 h on Day 3 for the second 48-h period. On the day before a grazing event, pregrazing herbage mass (HM) measurements and forage samples for nutritive value
analyses were collected. Post-grazing HM measurements were then collected from the
grazing unit within a few hours after animals were moved. All of the same herbage mass
measurements and forage samples were collected in a similar sequence for each grazing
event, giving two repetitions of the data.
Pre- and post-grazing HM on each plot in each grazing unit were estimated using
a double sampling technique (Burns et al., 1989). The sward height of each plot (indirect
measurement), was measured using a falling plate disk meter with 12 contacts per plot in
a stratified pattern. After disk meter measurement was completed for each plot, herbage
from three 0.25-m2 quadrats was harvested at 2.5 cm above soil surface (direct
measurements) from each plot. The three harvest sites within each plot were selected to
approximate the lowest, the average, and highest disk meter readings recorded in each
plot to calibrate the indirect estimates (disk readings) with direct estimates (harvested
samples). The harvested herbage was dried in a forced-air oven at 55 to 60°C for 72 h
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then weighed. A regression equation was developed with direct estimates (dry weight of
harvested samples) and indirect estimates (disk readings). Herbage mass for each plot
was estimated using the mean of the 12 disk readings per plot in the regression equation.
For the nutritive value (except WSC) and morphological analysis samples, two sets of
samples of plants in each plot were hand clipped from random sites within plots to the
same stubble height as HM direct samples at the same time as the pre-grazing herbage
mass sampling. Samples for WSC were collected twice daily (same day as other nutritive
value sampling) at 0700 and at 1700. Typically, collecting the samples for WSC took
less than 20 min and immediately after were taken to be placed in the drier less than 400
m away. A short period between sampling and drying was important to reduce possible
respiration losses. In the second grazing unit, in addition to taking samples as was done
in the first grazing area, a second set of samples were clipped at a height to simulate the
amount of canopy removed in each treatment on the first grazing unit. These samples
were used to determine the characteristics, both chemical and morphological, of the
forage assumed to be consumed by the grazing animals. One set of the hand-clipped
samples and the WSC samples from each experimental unit was dried (55–60°C) in a
forced-air oven for 72 h then ground to pass a 2-mm stainless steel screen using a Wiley
mill (Model 4, Thomas Scientific, Swedesboro, NJ), and stored in airtight plastic bags at
room temperature until analyzed. Analysis was done using a model 6500 near infrared
reflectance spectroscopy (NIRS) instrument (FOSS North America, Silver Spring, MD)
to estimate CP, WSC, NDF and ADF concentrations. The samples were scanned using
FOSS ISIScan software version 4.4 (Vision, 2007) and prediction equations developed by
the NIRS Forage and Feed Testing Consortium (Hillsboro, WI). The R2 values of these
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prediction equations for CP, NDF, ADF, and WSC were 0.98, 0.97, 0.94, and 0.92
respectively. The ANKOM DaisyII Incubator system (ANKOM Technology Corp,
Macedon, NY) using a modified version of Tilley and Terry (1963) was used in
determination of in vitro true digestibility (IVTD) and in vitro digestibility of the NDF
fraction (NDFD). The second set of hand-clipped samples was hand separated into leaf
blade, stem, and dead material then dried similarly to nutritive value samples in order to
determine DM weight. Their relative proportions were calculated in order to describe
morphological characteristics of the canopy.
Grazing Preference
Animal preference was based on herbage disappearance, the Chesson-Manly
(CM) index, and amount of time spent grazing. The difference between pre- and
post-grazing HM was computed as herbage removal and considered herbage consumed
(Macoon et al., 2003; Smit et al., 2006). Preference was also expressed as herbage
consumed using the Chesson-Manly Index that relates consumption to forage availability
at the beginning of grazing, described by Smit et al. (2006).
∝𝑖 =

ln[1−(consumed𝑖 /available𝑖 )]
𝑚
∑𝑗=1 ln[1−(consumed𝑗 /available𝑗 )]

, 𝑖 = 1, … … 𝑚

(2)

where an animal has a choice of m cultivars, consumedi is the amount of consumed
herbage of cultivari, and availablei is the amount of available herbage of cultivari at the
beginning of the grazing event. The denominator term is the sum of all numerator terms
of all cultivars (1…m).
Animals were observed during two 3-h period each day that animals spent on
each grazing unit from 0600 to 0900 h and 1500 to 1800 h to record time spent grazing
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on specific experimental units. These time periods were chosen because they were
observed in a previous study to be the peak grazing periods (Solomon et al., 2012). After
measurements and sampling at the end of each grazing event, plots were mowed to a
uniform 10-cm stubble height (staged in preparation for the next 28-d growth period).
Statistical Analysis
Data for all measurements were analyzed by fitting mixed models using PROC
MIXED in SAS (SAS Institute, 2008). The 28-d observation periods (for pre-and
post-graze HM, herbage disappearance, CM index, forage nutritive value parameters,
morphological characteristics, and grazing time) were considered repeated measures.
Each year data were analyzed separately due to difference in number of periods in each
year. On parameters of preference (herbage disappearance, CM index, and grazing time),
the data are presented as the season-long averages in both years because there were no
cultivar × period interaction effect (P = 0.315). The covariance structure autoregressive
order one (for pre- and post-graze HM, herbage disappearance, CM index, and grazing
time) and variance component (for nutritive value and morphological characteristics)
were used in the model statements based on the Bayesian information criteria to
determine the model used for final inference (Littell et al., 1996). Correlations among
preference indices, pre- and post-graze HM, chemical components and morphology were
done using the PROC CORR procedure of SAS (SAS Institute, 2008). Regression
analyses were done for those forage traits that were correlated with the preference
indices.
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Results and Discussion
Pre- and Post-graze Herbage Mass of Annual Ryegrass Cultivars
Herbage mass is an important forage characteristic that can have a substantial
influence on herbage dry matter intake of grazing animals (Curran et al., 2010). Even
within forage species variation of forage yield amongst cultivars is common (Smit, 2006).
During both years (Year 2011 and 2012) of this study, there was an effect of cultivar on
season-long average pre- (P < 0.001) and post-graze (P = 0.016) HM. During Year 2011,
pre-graze HM for tetraploid cultivars were similar and both had greater pre-graze HM
than diploid cultivars (Table 2). Also, during this year Marshall had the least pre-graze
HM (Table 2). In Year 2012, pre-graze HM of tetraploid cultivars were greater than
diploid cultivars (Table 2). In relation to season-long average post-graze HM, during
Year 2011 no statistical differences were detected among Gulf, Marshall, and Maximus
but Nelson had greater post-graze HM than the other three cultivars (Table 2). Post-graze
HM in Year 2012, was greater for tetraploid than diploid cultivars (Table 2). Some
studies have reported differences in forage production of annual ryegrass cultivars but
these differences were not always consistent. Redfearn et al. (2005) reported that over a
12-yr period total-season forage production between Gulf and Marshall was not different
but for season-long average in some years, differences in yield were observed. Further,
Redfearn et al. (2005) in the same study compared Gulf and Marshall to the mean of all
other cultivars of annual ryegrass and reported that forage production was not different
for Gulf vs. all other cultivars but Marshall produced more total-season yield than the
average of all other cultivars. Similar to the results of pre-graze HM in this study, Nelson
et al. (2011) reported that in separate locations in Texas forage yield of annual ryegrass
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cultivars Nelson and Maximus at both Overton and Beaumont locations was either
greater than or similar to Gulf and Marshall in three separate years. Parish (2010)
evaluating forage yield of several cultivars of annual ryegrass across Mississippi reported
no statistical differences in total DM yield. In our study, pre-graze HM in Year 2011 on
average was 950 kg ha-1 greater for the tetraploid cultivars than the diploid cultivars. It is
not clear what may have been responsible for this magnitude of difference in pre-graze
HM among tetraploid and diploid cultivars. Field observations suggest that at that late
period (April and May) of the growing cycle of annual ryegrass, herbage mass of
tetraploid cultivars was greater than diploid cultivars possibly due to their response to
higher temperatures compared to the lower temperatures early in the growing season. In
Year 2012, the margin of difference for pre-graze HM was on average 160 kg ha-1 greater
for tetraploid cultivars than diploid cultivars, this difference perhaps can be deemed
negligible. In several studies, ploidy difference within forage species of perennial
ryegrass has also been shown to have an effect on HM but these findings were not always
consistent (Gilliland et al., 2002; Gowen et al., 2003; O’Donovan and Delaby, 2005).
Redfearn et al. (2005) observed substantial fluctuation in forage yield of individual
cultivars over several years and suggested that year-to-year variation in forage yield of
annual ryegrass is common and may be as a result of variability in weather conditions.
Herbage Disappearance, Chesson-Manly Index, and Grazing Time
In both years of the study, cultivar had an effect on season-long average of the
three parameters used as indicators of cattle grazing preference, (herbage disappearance,
P = 0.001, CM index P = 0.019, and grazing time, P = 0.011). During Year 2011, cattle
have shown greater preference for Maximus and Nelson as indicated by greater herbage
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disappearance for those two cultivars compared to Gulf and Marshall. Further, Marshall
was the least preferred based on herbage disappearance (Table 2). The CM index during
2011 for cultivars Gulf, Maximus, and Nelson was not different but Marshall had lower
CM index compared to the other three cultivars (Table 2). During 2011, animals spent
greater time grazing Nelson than Gulf and Marshall and grazing time on Maximus was
not different than the three other cultivars. During 2012, all three parameters used as
indicators of animal preference that is, herbage disappearance, CM index, and grazing
time were greater for Maximus and Nelson than Gulf and Marshall which indicates that
cattle showed a greater preference for the tetraploid cultivars than the diploid cultivars
(Table 2). Several studies have reported that animals have shown preference for cultivars
within forage species (Shewmaker et al., 1997; Mayland et al., 2000; Barre et al., 2006;
Smit et al., 2006; Waldron et al., 2010). Balocchi and López, (2009) using several
cultivars of perennial ryegrass and three variables (grazing time, residual HM, and
percent forage utilization) to evaluate grazing preference of dairy cows reported greater
grazing time and percent forage utilization and lower residual HM for tetraploid than the
diploid cultivars. Those results were similar to the results of this study. Further, Orr et
al. (2003) using sheep and Orr et al. (2005) using cattle reported that intake rate was
greater for the tetraploid than diploid cultivars of perennial ryegrass. Orr et al. (2005)
reported that grazing time of cattle did not differ between tetraploid and diploid cultivars
of perennial ryegrass. This was in contrast to the results of our study where cattle spent a
greater proportion of their time grazing the tetraploid than the diploid cultivars.
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Pre- and post-graze herbage mass of four cultivars of annual ryegrass
evaluated for cattle grazing preference

Table 2

Cultivar
Diploid
Year Item†

Gulf

Pregraze HM (kg ha )
-1

Postgraze HM (kg ha )
2011 HD (kg ha-1)
-1

3100

B§

1650

B

Tetraploid

Marshall

Maximus

Nelson

Sx̅ ‡

2700

C

3700

3900

A

130.0

1630

B

1650

1740

A

A
B

42.0

1450B

1070C

2100A

2160A

140.0

8.4A

5.8B

8.2A

7.9A

1.0

GT (animal min plot )

61.0

57.0

Pregraze HM (kg ha )
Postgraze HM (kg ha )

CM Index %
-1

-1

-1

2012 HD (kg ha )

3400

B

2890

B

510

-1

CM Index (%)

5.5

GT (animal min plot )
-1

B

3410

B

2870

B

B

550

B

5.7

133

B

B

98.0

AB

34.0
18.0

3560

3570

A

2930

A

2940

A

630

B

6.9

137

15.0

A

B

B

125.0

A

A

630

A

7.0

172

A

A

41.0

A

0.4

186

A

12.0

†HD = herbage disappearance, CM = Chesson-Manly index, and GT = grazing time.
‡ Standard error mean.
§ Within rows, means followed by the same superscripts are not different (P > 0.05).
Studies conducted during the winter-spring season of 2011 and 2012 at Raymond,
Mississippi
Morphological Characteristics of Annual Ryegrass Cultivars
During both years of this study, cultivar had an effect (P = 0.001) on the

season-long average proportion of leaf blade (Table 3). During 2011, the proportion of
leaf blade was not different among Gulf, Marshall, and Maximus but Nelson had a
greater proportion of leaf blade than those three cultivars (Table 3). There was a trend
for a cultivar effect (P = 0.096) on the proportion of stem (Table 3). Also, during 2011
cultivar had an effect (P = 0.042) on the proportion of dead material and the only
difference was Nelson had less dead material than Marshall (Table 3). In 2012, the
proportion of leaf blade among cultivars was greatest for Nelson followed by Maximus,
Gulf, and Marshall was the least (Table 3). In 2012, there was an effect of cultivar (P <
0.001) on the proportion stem. During this year, the proportion of stem for Maximus and
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Nelson was not different but both had less stem than Gulf and Marshall (Table 3).
Marshall had the greatest proportion of stem (Table 3). There was an effect of cultivar (P
= 0.016) on the proportion of dead material during 2012 with the only difference was
Marshall had a greater proportion of dead material than Nelson (Table 3). There is
evidence that grazing preference of animals is influenced by forage morphological
characteristics (Barrett et al., 2003; Stilmant et al., 2005). Hazard et al. (1998) reported
that forage leafiness is an important trait to assess in evaluating grass cultivars since it is
related to the potential intake by grazing ruminants. Gilliland et al. (2002) and Gowen et
al. (2003) using perennial ryegrass reported that the proportion of leaf blade was greater
for tetraploid than diploid cultivars which is similar to the results of this study with
annual ryegrass. In contrast to this study, O’Donovan and Delaby (2005) reported that
the proportion of both leaf and stem was not different between tetraploid and diploid
cultivars of perennial ryegrass.
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Plant morphological characteristics of four cultivars of annual ryegrass
evaluated for cattle grazing preference

Table 3

Cultivar
Diploid
Year

2011

2012

Morphological Component

Gulf

Tetraploid

Marshall

Maximus

Sx̅ †

Nelson

Leaf Blade
Stem
Dead Material
Total

-------------------------------------%-------------------------24.2B‡
24.8B
25.9B
29.3A
0.83
A
A
A
57.0
53.9
54.6
53.1A
1.08
AB
A
AB
B
18.8
21.3
19.5
17.6
0.87
100.0
100.0
100.0
100.0

Leaf Blade

50.2C

47.3D

54.7B

57.4A

0.88

B

A

C

34.2

C

0.71

Stem

38.5

42.9

35.4

Dead Material

11.3A

9.8AB

9.9AB

8.4B

Total

100.0

100.0

100.0

100.0

0.56

†Standard error mean.
‡Within rows, means followed by the same superscripts are not different (P > 0.05).
Studies conducted during the winter-spring season of 2011 and 2012 at Raymond,
Mississippi.
Forage Nutritive Value of Annual Ryegrass Cultivars
During 2011, forage nutritive value parameters NDF, ADF, CP, WSC, IVTD, and
NDFD were different (P < 0.05) among cultivars (Table 4). Tetraploid cultivars
Maximus and Nelson had less NDF concentration than diploid cultivars Gulf and
Marshall. The ADF concentration was least for Nelson and Maximus had less ADF
concentration than Marshall (Table 4). The CP concentration of Nelson was less than
that of Gulf and Maximus. The WSC concentration was only different with Nelson
greater than that of Gulf, Marshall, and Maximus. Season-long average IVTD of Nelson
was greater than that of Gulf, Marshall, and Maximus also, IVTD of Maximus was
greater than Gulf, and Marshall. The NDFD of Nelson was greater than the three other
cultivars and in addition, Maximus had greater NDFD than Marshall (Table 4). During
Year 2012, season-long average nutritive value parameters NDF, CP, WSC, IVTD, and
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NDFD were not different (P > 0.05) among cultivars (Table 4). However, for ADF
concentration there was a trend for a cultivar effect (P = 0.096). The reason why there
were differences among cultivars in nutritive value concentration in Year 2011 and not
2012 is not clear but from the weather data (Fig. 5) season total precipitation was 30%
less than the 30-yr average in 2011 compared to 12% in 2012, therefore, moisture
limitation may have played a role for the difference in nutritive value observed in 2011.
Redfearn et al. (2002) reported that Marshall annual ryegrass had lower NDF
concentration and higher IVTD than Gulf but both CP and NDFD were similar among the
two cultivars. In our study, nutritive value parameters in both years were similar between
Gulf and Marshall. In other studies using perennial ryegrass there was a consistent report
of greater digestibility and WSC of tetraploid compared to their diploid cultivars
(Gilliland et al., 2002; Orr et al., 2003; O’Donovan and Delaby, 2005; Balocchi and
López, 2009). Gowen et al. (2003) using perennial ryegrass reported that forage nutritive
value parameters were not influenced by cultivar in the first year but in second year of
their study tetraploid cultivars had lower NDF concentration than diploid cultivars.
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Season-long average forage nutritive value concentration of four cultivars of
annual ryegrass evaluated for cattle grazing preference

Table 4

Cultivar
Diploid

Tetraploid

Gulf
Marshall
Maximus
Nelson
Sx̅ ‡
---------------------------------g kg-1 DM---------------------------

Year

Item†

2011

NDF
ADF
CP
WSC
IVTD
NDFD

586.4A§
354.0AB
88.2A
150.5B
688.3C
782.8BC

593.8A
359.0A
82.3AB
151.2B
673.8C
770.8C

565.5B
346.4B
86.5A
156.4B
707.0B
798.6AB

547.2B
336.8C
78.2B
184.6A
725.9A
813.8A

6.3
3.2
2.6
5.6
6.0
5.7

NDF

450.8A

451.1A

451.1A

441.1A

3.4

ADF

253.3

A

253.2

A

255.4

A

248.3

A

2.0

CP

208.8

A

207.1

A

208.9

A

206.7

A

2.9

WSC

114.6

A

118.0

A

115.1

A

122.5

A

2.5

IVTD
NDFD

772.2
868.3A

781.9
875.7A

4.0
2.4

2012

A

774.7
867.0A
A

780.3
872.8A
A

A

† NDF = neutral detergent fiber, ADF = acid detergent fiber, CP = crude protein, WSC =
water-soluble carbohydrate, IVTD = in vitro true digestibility, and NDFD = neutral
detergent fiber digestibility
‡Standard error mean.
§ Within rows, means followed by the same superscripts are not different (P > 0.05).
Studies conducted during the winter-spring season of 2011 and 2012 at Raymond,
Mississippi.
Relationship with Preference
The relationships between parameters used to define preference [herbage
disappearance (HD), Chesson-Manly (CM) index, and grazing time(GT)], morphological
characteristics, and nutritive value parameters were examined to see if they can offer
some explanation for animal preference observed in this study (Table 5 and 6). In 2011,
the only relationship that was evident with CM index was a negative correlation with
post-graze HM. Herbage disappearance was positively related with pre-graze HM, NDF,
WSC, and GT (Table 5). In addition, HD was negatively associated with dead material
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and CP (Table 5). Grazing time was positively correlated with pre- and post-graze HM
and negatively correlated with CP (Table 5).
Table 5

CM index
Pregraze HM
Postgraze HM
HD
Leaf
Stem

Correlation coefficients among traits of four cultivar of annual ryegrass
evaluated for cattle grazing preference in the winter-spring season of 2011
at Raymond, Mississippi.
Pregraze HM

Postgraze
HM

HD

Leaf

Stem

Dead

ADF

NDF

CP

WSC

IVTD

NDFD

GT

NS

-0.31

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

0.74

0.99

NS

NS

-0.30

0.62

NS

-0.76

0.34

NS

NS

0.53

0.67

NS

NS

-0.27

0.49

NS

-0.76

0.52

0.32

NS

0.26

NS

-0.29

NS

0.62

-0.64

0.29

NS

NS

0.55

-0.58

-0.32

NS

NS

NS

NS

NS

NS

NS

-0.59

NS

NS

NS

NS

NS

NS

NS

NS

0.39

-0.36

-0.28

NS

NS

0.82

-0.56

NS

-0.431

-0.66

NS

-0.6

-0.70

-0.75

NS

-0.65

-0.26

NS

-0.31

0.72

0.53

NS

0.88

NS

NS

Dead M

NS

ADF
NDF

NS

CP
WSC
IVTD
NDFD

NS

Values listed are significant at P < 0.05.
NS = not significant P > 0.05.
ADF = acid detergent fiber, NDF = neutral detergent fiber, CP = crude protein, WSC =
water-soluble carbohydrate, IVTD = in vitro true digestibility, and NDFD = neutral
detergent fiber digestibility
In Year 2012, CM index was positively correlated with pre-graze HM, HD, and
GT (Table 6). Herbage disappearance was positively correlated with leaf blade, CP,
IVTD, NDFD, and GT and negatively correlated with stem, ADF, and NDF. Grazing
time during Year 2012 was positively related to pre- and post-graze HM, leaf blade,
IVTD, NDFD, and negatively correlated with stem (Table 6).
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Table 6

CM index
Pregraze HM
Postgraze HM
HD
Leaf
Stem

Correlation coefficients among traits of four cultivars of annual ryegrass
evaluated for cattle grazing preference in the winter-spring season of 2012
at Raymond, Mississippi.
Pregraze
HM

Postgraze
HM

HD

Leaf

Stem

Dead

ADF

NDF

CP

WSC

IVTD

NDFD

GT

0.30

NS

0.48

NS

NS

NS

NS

NS

NS

NS

NS

NS

0.24

0.84

0.94

0.63

-0.48

0.58

-0.43

-0.57

0.42

NS

0.76

0.82

0.32

0.61

0.68

-0.83

0.49

-0.43

-0.51

0.47

-0.16

0.72

0.77

0.28

0.49

-0.69

0.54

-0.43

-0.52

0.32

NS

0.67

0.71

0.30

-0.88

NS

-0.60

-0.74

0.71

-0.18

0.57

0.74

0.30

-0.46

0.61

0.77

-0.64

NS

-0.81

-0.91

-0.30

NS

-0.23

-0.67

-0.18

0.64

0.55

NS

0.95

-0.67

-0.23

-0.55

-0.68

NS

-0.71

-0.17

-0.68

-0.81

NS

-0.54

0.39

0.59

NS

Dead M
ADF
NDF
CP
WSC

0.18

IVTD

NS

NS

0.94

0.22

NDFD

0.23

Values listed are significant at P < 0.05.
NS = not significant P > 0.05.
ADF = acid detergent fiber, NDF = neutral detergent fiber, CP = crude protein, WSC =
water-soluble carbohydrate, IVTD = in vitro true digestibility, and NDFD = neutral
detergent fiber digestibility

The negative correlation of CM index with post-graze HM in 2011 was expected
as the residual herbage is an important determinant of the index and once that component
increases then the index will decrease. However, even though they were differences in
morphological characteristics and forage nutritive value during 2011, none were
correlated with CM index. The negative relationship of HD with CP and positive
relationship with NDF are typical. It is not clear what may be responsible for these
trends as both the CP and NDF concentrations were not out of range (Table 4). Smit et
al. (2006) reported that preference was negatively related to NDF concentration of
perennial ryegrass which is in contrast to the positive relationship between herbage
disappearance and NDF in the first year of this study. In contrast to the negative
relationship between herbage disappearance and CP that occurred in this study Orr et al.
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(2003) reported that daily intake of sheep was positively correlated with N concentration.
The positive relationship between preference and WSC concentration (Fig. 6) was similar
to the results reported in other studies (Mayland et al., 2000; Orr et al., 2003; Smit et al.,
2006). In our study this positive relationship between herbage disappearance and WSC
concentration could be attributed to pre-graze HM since there was a positive association
of pre-graze HM and WSC (Table 5). Ciavarella et al. (2000) reported that sheep grazing
Phalaris aquatic L. shade and unshaded pastures showed a greater preference for the
unshaded pastures and this they attributed to the greater concentration of water-soluble
carbohydrates of the unshaded pastures. The negative association between grazing time
and CP (Table 5) usually might have been due to some post-ingestive feedback
(Provenza, 1995) but this claim cannot be substantiated since the concentration of CP was
not out of the typical range to trigger such an effect (Table 4). The positive correlation
between herbage disappearance and GT in both years (Fig. 6 and 7) was similar to the
increase in forage utilization with greater grazing time reported by Balocchi and López,
(2009). Smit et al. (2006) reported a negative correlation between preference and dry
matter yield which was in contrast to the results of this study. In both years of this study,
the strongest relationship occurred between herbage disappearance and pre-graze herbage
mass (Fig. 6 and 7) suggesting that pre-graze herbage mass was greatly responsible for
cattle preference among the four cultivars of annual ryegrass. Waldron et al. (2010)
reported that traits highly associated with biomass consumed included pre-graze biomass
and leafiness of the forage. Senft et al. (1985) reported that biomass was highly
correlated with preference, which is similar to the results of the current study. The
increase in the proportion of leaf blade as pre-graze HM increases could be responsible
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for the positive relationship between preference (CM index and GT) and pre-graze HM in
2012 (Fig. 7). Unlike the results in 2012 of this study of a positive correlation between
preference (HD and GT) and the proportion of leaf blade Smit et al. (2006) using
perennial ryegrass reported that morphology did not had an effect on preference in their
study. Barre et al. (2006) reported a positive correlation between leaf blade and shortterm intake rate of dairy cows, however, which supports the results of this study.

Figure 6

The relationship among parameters of cattle grazing preference and traits
among four cultivars of annual ryegrass 2011

HD = Herbage disappearance, GT = grazing time, and WSC = water-soluble carbohydrate.
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Figure 7

The relationship among parameters of cattle grazing preference and traits
among four cultivars of annual ryegrass 2012

CM = Chesson-Manly index, HD = herbage disappearance, and GT = grazing time.
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Summary and Conclusions
There are numerous forage factors that can influence grazing animal’s preference
in relation to forage choice. In this study, cattle showed greater preference (CM index,
HD, and GT) for tetraploid (Maximus and Nelson) than diploid cultivars (Gulf and
Marshall). Pre-graze herbage mass in both years was greater for tetraploid cultivars than
diploid cultivars. In the first year of the study, the proportion of leaf was greater for
Nelson than Maximus, Gulf, and Marshall. In the second year of the study, the
proportion of leaf was greater for tetraploid cultivars than diploid cultivars. In the first
year, tetraploid cultivars had greater WSC and IVTD than diploid cultivars. These
nutritive value parameters however, were not different among cultivars in the second
year. There was a positive linear relationship between pre-graze HM, herbage
disappearance and grazing time in both years. In Year 2011, there was also a positive
relationship between herbage disappearance and WSC. In Year 2012, there was a
positive linear relationship between CM index and pre-graze HM. Also, there was
positive linear relationship between the proportion of leaf and herbage disappearance.
Similarly in Year 2012, grazing time was positively correlated with the proportion of
leaf. In this study, pre-graze HM and the proportion of leaf were the two forage
parameters strongly linked to preference.
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CHAPTER IV
PERFORMANCE OF A TETRAPLOID VS. A DIPLOID CULTIVAR OF ANNUAL
RYEGRASS PASTURES UNDER GRAZING

Abstract
Tetraploid annual ryegrass (Lolium multiflorum Lam.) cultivars are expected to
have greater digestibility and water soluble carbohydrates than diploid cultivars. A 2-yr
study was conducted at Raymond, Mississippi, USA to evaluate the potential of a
tetraploid (‘Maximus’) vs. a diploid cultivar (‘Marshall’). Three stocking rates (SR),
3.75, 5, or 7.5 animals ha-1, were imposed on the two cultivars in a 3 × 2 factorial of a
completely randomized design experiment with two replications. Angus cross-bred
heifers (initial BW = 240 kg) were used. In both years of the study, there was no cultivar
effect or any interactions (P > 0.10) on ADG or herbage mass (HM). In Year 1, both
ADG (1.22 kg d-1 at low SR to 0.98 kg d-1 at high SR) and HM (3.8 Mg ha-1 at low SR to
2.5 Mg ha-1 at high SR) had a linear response (P = 0.001) to SR. There was no effect of
cultivar (P > 0.10) or SR (P > 0.10) on WSC concentration (150 g kg-1) or IVTD (775 g
kg-1). In the second year, there was a trend for a linear response of ADG (1.31 kg d-1at
low SR to 1.08 kg d-1 at high SR) to SR (P = 0.051). Also, HM (4.4 Mg ha-1 at low SR to
3.8 Mg ha-1 at high SR) showed a linear response to SR (P = 0.028). Contrary to first
year results, WSC was different (P = 0.012) between Marshall (117.0 g kg-1) and
Maximus (139.0 g kg-1) annual ryegrass, but there was no SR effect (P = 0.378). Also,
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IVTD was different (P = 0.01) between Marshall (671.6 g kg-1) and Maximus (696.1 g
kg-1). The results of this study suggest that animal performance and HM were not
different between the diploid and tetraploid cultivars but were influenced only by SR.
Introduction
In the southeastern region of the USA, annual ryegrass (Lolium multiflorum Lam.)
is the predominant cool season forage (Evers et al., 1997; Redfearn et al., 2002). It is
cultivated on an estimated 1.1 million ha annually (Evers et al., 1997) and it plays an
important role in alleviating winter feeding limitations and contributes significantly to
improved animal nutrition (Lippke and Ellis, 1997). The preferred use of annual ryegrass
over other cool season forages in the region has been attributed to its ease of
establishment, high forage quality, high herbage yield, adaptation to varying soil types, a
more uniform growth pattern than other cool season annual, sward stability under
grazing, compatibility in warm-season perennial ryegrass pastures among other essential
agronomic characteristics (Evers et al., 1997; Jung et al., 1996; Lippke and Ellis, 1997;
Rouquette Jr. et al., 1997). Forage breeding programs have focused heavily on
prioritizing forage traits for the development of new cultivars that will exhibit superior
performance in forage production, nutritive value, disease resistance and cold tolerance
over existing cultivars. The decisive goal of forage breeders is to develop cultivars that
will enhance animal performance (Stewart and Hayes, 2011). Selection and use of
annual ryegrass cultivars in grazing systems are based primarily on maturity/heading
date, cold tolerance, disease resistance, and ploidy since discernible differences in forage
yield and quality due to cultivar is often irregular. Redfearn et al. (2005) over a 12-yr
period found no location effects or cultivar by location interaction on early-season, late75

season, and total annual yield but cultivar and year effects and their interactions were
detected for several annual ryegrass cultivars. ‘Marshall’ annual ryegrass was released
by the Mississippi Agricultural and Forestry Experiment Station in 1980 (Arnold et al.,
1981) and is one of the standard cultivars used for comparison in ryegrass performance
trials (Redfearn et al., 2005). Marshall is a late-maturing diploid with excellent cold
tolerance and due to its late maturity it has longer production in the spring than other
diploid cultivars (Arnold et al., 1981). In the last two decades, breeding emphasis has
been placed on the development of tetraploid cultivars. These cultivars are created from
doubling of the chromosomes of diploid cultivars and are expected to have higher ratio of
cell content to cell wall (Stewart and Hayes, 2011) thus resulting in greater digestibility
and water-soluble carbohydrates concentration. In addition, the proportion of leaf-blade
of tetraploid ryegrass cultivars is often 3 to 4% greater than diploid cultivars (Gilliland et
al., 2002) and they are often marketed as having greater forage production potential than
diploid cultivars. These characteristics of tetraploid cultivars may result in increased
animal performance when compared to diploid cultivars under grazing. Despite
outstanding accomplishments in forage breeding, the incremental gain in productivity
resulting from new forages is likely to be very small in developed countries like the USA
where forage research is highly advanced. Because of this, recommended research
protocols dictate that animals must be used to give the final verdict in determining the
value of new forages (Wheeler, 1981). Typically, this is done by measuring animal
performances in grazing trials. The objective of this study was to quantify pasture
productivity and animal response of a tetraploid versus a diploid annual ryegrass at three
levels of stocking rate.
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Materials and Methods
Study Site
The study was conducted at the Brown Loam Branch Experiment Station at
Raymond, Mississippi, USA (32° 12′ N, 90° 30′ W) during the winter through spring
grazing seasons of 2008-2009 and 2010-2011. Soils at the experimental site are
predominantly Loring silt loam (fine-silty, mixed, thermic Typic Fragiudalfs).
Weather
The study was not conducted during the 2009-2010 season because of excessive
precipitation in September (140 mm) and October (308 mm) of 2009 compared to 90 mm
in September and 109 mm in October for 30-yr average, which is the typical planting
period for annual ryegrass thus prevented land preparation and planting (Fig. 8). During
the 2010-2011 season, planting was delayed due to the extremely lower than 30-yr
average precipitation in September and October of 2010. This coupled with below
average air temperature in the months of December 2010, January, and February 2011
resulted in restriction on forage growth (Fig. 8). Total accumulated precipitation was
30% less in the 2010-2011 (873.5 mm) grazing season compared to 30-yr normal (1247.9
mm). This moisture limitation may have had implication for the nutritive value response
of the pastures observed during the 2011 grazing season.
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Figure 8

Monthly accumulated precipitation and mean air temperature at Brown
Loam Experiment Station, Raymond, Mississippi

During September to June of 2008 to 2009, 2009 to 2010, and 2010 to 2011 growing
seasons compared to 30-yr average (1979 to 2008). Vertical bars represent precipitation
and lines represent air temperature.
Treatments and Experimental Design
Treatments were two annual ryegrass cultivars representing a tetraploid
(Maximus) and a diploid (Marshall), and three levels of stocking rate (SR) [3.75 (low
SR), 5 (medium SR), and 7.5 (high SR) animals ha-1]. The experiment was a 3 × 2
factorial in a completely randomized design with two replications. Paddock sizes were
0.4 ha (high SR) and 0.8 ha (low and medium SR). In the first year of the study,
paddocks were seeded in late October 2008 and in the second year late November 2010 at
a seeding rate of 33.6 kg ha-1 for both cultivars of annual ryegrass. At planting, in each
year of the study a mixed fertilizer that provided 60 kg ha-1 each of N, P2O5, and K2O was
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applied on each paddock. In addition, in both years 60 kg N ha-1 as Urea was applied in
early March for a total of 120 kg N ha-1 annually.
Animal Management
The animal handling procedures used in this experiment were approved by the
Mississippi State University Institutional Animal Care and Use Committee (Protocol no.
09-068). In the first year, grazing commenced 11 Feb. 2009 and terminated on 3 June
2009 and in the second year grazing commenced 16 March 2011 and ended on 8 June
2011. The reason for delayed grazing in 2011 was as a result of late planting in 2010
caused by limited precipitation during the months of September and October 2010,
coupled with below 30-yr average air temperature during December 2010, January, and
February of 2011 resulting in poor forage growth (Fig. 8). In this study, pastures were
continuously stocked using 40 Angus cross bred heifers in 2009 (initial body weight
[BW] = 240 ± 30 kg) and in 2011 (initial BW = 186 ± 15 kg). Animals were grouped by
body weight and placed into 8 groups of 3 and 4 groups of 4. Groups of 3 were randomly
assigned to the low and high SR and groups of 4 assigned to the medium SR paddocks.
Two animals in each group were identified as tester animals from which animal
responses were collected. Animals had access to a continuous supply of fresh water in
each grazing unit through self-regulated troughs and tap water supply system. No
mineral supplements were allocated to animals during the experimental period.
Forage and Animal Response Variables
Pastures were measured just before the initiation of grazing and every 14 d during
the experimental period to monitor herbage mass using a double sampling technique
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(Burns et al., 1989). The sward height (indirect measurement), was measured using a
falling plate disk meter (0.25-m2) with 20 contacts per paddock across diagonal transects
(a “zigzag” pattern). After disk meter measurement was completed for each paddock,
herbage from three 0.25-m2 quadrats was harvested at 2.5 cm above soil surface (direct
measurements). The three harvest sites were selected to approximate the lowest, the
average, and the highest disk meter readings recorded in the paddock in order to calibrate
the indirect estimates (disk readings) with direct estimates (harvested samples). The
harvested herbage was dried in a forced-air oven at 55 to 60°C for 72 h to determine dry
matter (DM) weight. A regression equation was developed with direct estimates (DM
weight of harvested samples) and indirect estimates (disk readings). Herbage mass on
pasture was estimated using the mean of the 20 disk readings per paddock. Herbage mass
per period (monthly herbage mass) was calculated as the average of herbage mass
estimates taken at Days 0, 14, and 28 within each 28-d period. Annual average herbage
mass was the average of the estimates across periods within each grazing season.
Herbage accumulation rate a measure of pasture growth was estimated every 28-d using
two 1-m2 enclosure cages for each paddock. Cages were placed at the initial sampling
date prior to grazing at random sites that represents the average (± 1 cm) disk meter
settling height of the pasture. At 28-d intervals, coinciding with animal weighing days,
cages were moved and placed at new sites measured to represent the current average
herbage mass, and disk measurements were taken from the previously enclosed area.
Herbage accumulation rate was calculated as the change in herbage mass estimates in
caged area from the initial cage placing to when they were moved at the end of every
28-d period. Forage allowance (FA) was calculated for each pasture as the average
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herbage mass (mean across the three sampling dates within the 28-d period) divided by
the average animal BW per unit area each 28-d period (Sollenberger et al., 2005).
Herbage samples were randomly hand-plucked from within each cage to represent
the portion of the canopy that was grazed for each paddock. Thereafter, samples were
oven-dried (55–60°C), ground to pass a 1-mm stainless steel screen using a Wiley mill
(Model 4, Thomas Scientific, Swedesboro, NJ), and stored in airtight plastic bags at room
temperature until analyzed. To determine nutrient concentration of each treatment,
forage samples were analyzed using a model 6500 near infrared reflectance spectroscopy
(NIRS) instrument (FOSS North America, Silver Spring, MD) to estimate CP, WSC,
NDF and ADF. The samples were scanned using FOSS ISIScan software version 4.4
(Vision, 2007) and prediction equations developed by the NIRS Forage and Feed Testing
Consortium (Hillsboro, WI). The R2 values of these prediction equations for CP, NDF,
ADF, and WSC were 0.98, 0.97, 0.94, and 0.92 respectively. The ANKOM DaisyII
Incubator system (ANKOM Technology Corp, Macedon, NY) using a modified version
of Tilley and Terry (1963) was used in determination of in vitro true digestibility (IVTD)
and in vitro digestibility of the NDF fraction (NDFD).
Animals were weighed at the initiation of grazing and every 28 d thereafter.
Weights were collected at 0800 h following a 16-h feed and water fast. Average daily
gain (ADG) was calculated for each 28-d period.
Statistical Analysis
Response variables were herbage mass (HM), herbage accumulation rate (HAR),
forage allowance (FA), forage nutritive value parameters (CP, NDF, ADF, WSC, IVTD,
and NDFD), and ADG. The data were analyzed by fitting mixed model models using
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PROC MIXED in SAS (SAS Inst., Cary, NC). For season-long averages year was
considered a fixed effect and repeated measure, but monthly period was not written as an
experimental variable in the model. Analyzed this way, the annual response was
calculated as the average of monthly responses. To evaluate the pattern of monthly
responses during each grazing season, data were analyzed separately by year because
grazing did not commenced at the same time in both years, resulting in a different
number of 28-d period for each year (four in 2009 and three in 2011). Also, Period 1 in
each year started a month apart and is expected that different weather conditions and
stage of maturity will be different therefore comparisons between years would not be
meaningful. Monthly periods responses for HM, HAR, FA, and ADG and sampling
dates (for nutritive value parameters) were considered as repeated measures. Options for
the three most commonly used covariance structures, compound symmetric,
autoregressive order one, and unstructured, were specified in all the models and the
Bayesian Information Criteria was used for final inference (Littell et al., 1996). During
the last 28-d period of each year activities that involved moving animals back and forth
from pastures for estrus synchronization and artificial insemination may have influenced
normal experimental responses. Therefore, the decision was made not to include ADG
response in the last period of each year in the statistical analysis. All other variables were
included since they provided valuable information about late season characteristics of the
two cultivars of annual ryegrass. The nature of the response to stocking rate imposition
and in some instances period was determined using orthogonal polynomial contrasts.
Responses in this study were considered different at P < 0.05 unless otherwise stated.
Mean separation was done using the PDIFF option in SAS.
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Results and Discussion
Herbage Mass
For season-long average responses, data were analyzed across study years.
Analyzed this way, there was no forage cultivar effect of (P = 0.449), or any interaction
involving forage cultivar (P = 0.929) on average annual herbage mass (HM). There was
a main effect of stocking rate (P = 0.003) and the response was a linear decrease in HM
with increasing stocking rate (Table 7). Since there were a different number of periods
that were not evenly matched in the two study years, data were analyzed separately for
each year in order to detect any changes in response due to time of the season. During
Year 2009, as with the combined years data, neither forage cultivar (P = 0.622) or any
interaction containing forage cultivar (P = 0.450) had an effect on HM and there was a
main effect of stocking rate (P < 0.001) on HM with a linear decrease in HM as stocking
rate increased (Table 7). There was an effect of period (P < 0.001; Sx̅ = 0.23) on HM but
did not interact with any other experimental variable (P > 0.10). The periods of March
and June had similar HM (2.6 Mg ha-1) but were less than April and May (3.7 Mg ha-1).
During Year 2011, there was a trend for a cultivar effect (P = 0.078; Sx̅ = 0.8) on HM
(Maximus 4.1 vs. Marshall 4.3 Mg ha-1). Similar to the first year’s response, there was a
stocking rate main effect (P = 0.009) on HM with a linear decrease in HM as stocking
rate increased (Table 7). Like the first year, there was a main effect of period (P < 0.001;
Sx̅ = 0.104) on HM with a linear (P = 0.004) decline in HM across April, May, and June
(4.6 > 4.3 > 3.7 Mg ha-1). The observation of a stocking rate effect on HM in this study,
is a common response as numerous studies have reported a stocking rate effect on HM
and the response in those studies were mostly a linear decrease as stocking rate increased
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(Sharrow et al., 1981; Hernández Garay et al., 2004; Inyang et al., 2010b; Baudracco et
al., 2011; Morgan et al., 2012).
Table 7

Average herbage mass, herbage accumulation rate (HAR), forage allowance
(FA), and average daily gain (ADG) of heifers on annual ryegrass pastures
Responses

Herbage Mass, Mg ha-1

HAR, kg ha d
-1

-1

FA, kg Forage DM kg-1 of BW

Average daily gain, kg

Stocking Rate
(animal ha-1)

Cultivar

Sx̅ †

3.75

5.0

7.5

Maximus
Marshall

4.0
4.1

3.5
3.8

3.0
3.1

0.2
0.2

Mean

4.05

3.65

3.05

0.2

Maximus
Marshall

58.0
51.0

69.0
48.0

52.0
57.0

12.0
12.0

Mean

54.5

58.0

54.5

12.0

Maximus

4.1

2.8

1.6

0.17

Marshall

4.2

3.0

1.7

0.17

Mean

4.15

2.90

1.65

0.12

Maximus

1.15

1.07

1.02

0.1

Marshall

1.18

1.12

0.90

0.1

Mean

1.17

1.10

0.96

0.1

Contrast‡
L

Q

<0.001

0.578

0.983

0.719

<0.001

0.812

0.007

0.574

†Standard error of the mean.
‡Orthogonal polynomial contrast, L = Linear and Q = Quadratic.
Pastures were grazed using continuous stocking at three levels of stocking rate across the
winter-spring seasons of 2009 and 2011 at Raymond, Mississippi.
Herbage Accumulation Rate
Herbage accumulation rate (HAR) analyzed across the two grazing seasons (Table
7) was not affected by forage cultivar (P = 0.413), stocking rate (P = 0.937), nor their
interaction (P = 0.537). Within season, there was no effect of forage cultivar (P = 0.539)
or any interactions involving forage cultivar (P = 0.445) on HAR during 2009 but there
was a period × stocking rate interaction effect (P = 0.039) (Fig. 9). During April,
medium SR had greater HAR than the high SR. Within each stocking rate, HAR was not
different for the first two periods (March and April) but was greater than during May and
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June (Fig. 9). During 2011, there was a period × cultivar interaction effect (P = 0.013; Sx̅
= 8.1) on HAR but stocking rate (P = 0.302) or any interaction involving stocking rate (P
= 0.425) did not affect HAR. During April, Maximus (105.3 kg DM ha-1 d-1) had greater
HAR than Marshall (52.0 kg DM ha-1 d-1). During May (average = 12.3 kg DM ha-1 d-1)
and June (average = 5.8 kg DM ha-1 d-1), HAR was not different between cultivars.
Within cultivars, HAR was greatest during the first period (April) but did not differ
between the second (May) and third (June) periods. This overall lack of difference in
HAR in this study could have been due to adequate residual dry matter that is, both
residual stubble and leaf area remaining after each period regardless of cultivar or
stocking rate imposed, therefore, similar growth rate. Some studies have reported
stocking rate effects on HAR and the response was often a linear but sometimes quadratic
decrease to increasing stocking rate (Hernández Garay et al., 2004; Stewart Jr. et al.,
2007; Inyang et al., 2010b). Herbage accumulation rate reported in this study falls within
the range (32 to 64 kg ha-1 d-1) reported for annual ryegrass by Vendramini et al. (2008).
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Figure 9

Herbage accumulation rate of annual ryegrass pastures grazed using
continuous stocking at three levels of stocking rate during the winter-spring
season of 2009

Study was conducted during the winter-spring season of 2009 and 2011 at Raymond,
Mississippi.
Forage Allowance
Across seasons, neither cultivar (P = 0.209) or cultivar × stocking rate interaction
(P = 0.993) had an effect on FA (Table 7). There was, however, a stocking rate effect (P
< 0.001) on FA with a linear decrease in forage allowance as stocking rate increased
(Table 7). Within year, there was a period × stocking rate interaction effect (P = 0.004)
on FA during 2009. During the March to April, FA decreased with increasing stocking
rate but the magnitude of difference varied but in June, FA was not different among
stocking rates (Fig. 10). Similar to the 2009 response, during 2011 there was a period ×
stocking rate interaction effect (P = 0.023) on FA. Within each stocking rate, there was a
linear (P < 0.001) decrease in FA across periods but the magnitude of difference was less
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towards the end of the season (Fig. 10). As was observed in this study, the linear
decrease in FA has been widely reported in other studies (Hernández Garay et al., 2004;
Stewart Jr. et al., 2007; Baudracco et al., 2011; Wyatt et al., 2012).

Figure 10

Forage allowance of annual ryegrass pastures grazed using continuous
stocking at three levels of stocking rate

During the winter-spring seasons of 2009 and 2011 at Raymond, Mississippi.
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Forage Nutritive Value
Across grazing seasons, there were no differences in forage nutritive value
parameters (Table 8) due to cultivar (P = 0.640), stocking rate (P = 0.930), or their
interaction (P = 0.780). Within year, there was an effect of period (P < 0.001) on forage
nutritive value parameters during 2009. The concentration of CP, WSC, IVTD, NDFD,
decreased and NDF and ADF increased as the grazing season progressed (Fig. 11).
During 2011, there were differences due to cultivar (P < 0.05) in concentrations of NDF,
ADF, WSC, IVTD, and NDFD but not CP. Maximus had lower NDF, ADF, and greater
WSC, IVTD, and NDFD than Marshall annual ryegrass (Table 8). There was also a
period effect (P < 0.001) on nutritive value parameters and forage nutritive value
declined as grazing season progressed (Fig. 11). The difference in nutritive value
observed between cultivars in 2011 was of limited biological significance in this study
since there was no corresponding difference in ADG on the two cultivars. Hafley (1996)
reported no cultivar effect (Marshall vs. Surrey) on CP, NDF, and IVTD and this was
similar to the overall lack of difference on forage nutritive value observed in this study.
In support of the cultivar effect on nutritive value observed in 2011, Redfearn et al.
(2002) reported differences in CP, NDF, IVTD, and DNDF for several cultivars of annual
ryegrass. It is not clear why cultivar difference only occurred in 2011, however, from
meteorological data (Fig. 8) there was moisture limitation compared to the 30-yr average,
and this may have implications for the differences in response between cultivars.
Contrary to this study, stocking rate effect on nutritive value have been reported in
several studies (Schlegel et al., 2000; Hernández Garay et al., 2004; Stewart Jr. et al.,
2007; Inyang et al., 2010b) and the response was a linear increase in nutritive value
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parameters with increasing stocking rate. The nutritive value for both cultivars in this
study was similar to those reported in several studies for annual ryegrass (Redfearn et al.,
2002; Islam et al., 2011; Butler et al., 2012).
Table 8
Year

Forage nutritive value concentration of two cultivars of annual ryegrass
grazed using continuous stocking at three levels of stocking
Cultivar

Nutritive Value†
CP

NDF

ADF

WSC

IVTD

NDFD

2-yr

Maximus

----------------------------g kg DM‡---------------------------130.3
518.0
314.1
144.1
743.0
828.6

Marshall

131.3

Sx̅§

8.0

17.8

11.0

6.4

18.0

18.1

2009

Maximus
Marshall
Sx̅

147.6
147.8
7.8

485.7
482.6
10.8

288.2
284.3
7.2

148.1
152.1
6.8

780.3
770.2
9.2

862.5
854.0
8.0

Maximus
Marshall

108.9A¶
110.7A

557.3B
588.3A

340.1B
355.1A

138.9A
116.9B

696.1A
671.6B

786.4A
767.4B

Sx̅

7.1

8.5

6.3

7.7

8.1

7.0

-1

2011

529.6

319.7

136.5

726.4

815.5

†CP = crude protein, NDF = neutral detergent fiber, ADF = acid detergent fiber, WSC =
water-soluble carbohydrate, IVTD = in vitro true digestibility, and NDFD = neutral
detergent fiber digestibility
‡DM, dry matter.
§Standard error of the mean.
¶Within columns, means followed by the same superscripts are not different (P > 0.05).
Study was conducted during the winter-spring seasons of 2009 and 2011at Raymond,
Mississippi. Averaged across grazing seasons (2-yr) and in separate years.
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Figure 11

Monthly forage nutritive value concentration of two cultivars of annual
ryegrass grazed using continuous stocking at three levels of stocking rate

CP = crude protein, NDF = neutral detergent fiber, ADF = acid detergent fiber, WSC =
water-soluble carbohydrate, IVTD = in vitro true digestibility, and NDFD = neutral
detergent fiber digestibility. Study conducted during the winter-spring season of 2009
and 2011 at Raymond, Mississippi.
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Average Daily Gains
Analyzed across the two grazing seasons, there was no cultivar effect (P = 0.852)
or cultivar × stocking rate interaction (P = 0.473) on ADG (Table 9). There was a
stocking rate effect (P = 0.024), however, with a linear decrease in ADG with increasing
stocking rate (Table 9). Within year, responses to cultivar, stocking rate, or their
interactions were similar as across years. During 2009, there was a period effect (P <
0.001; Sx̅ = 0.05) on ADG and the response was linear (P = 0.021). Average daily gain
increased from March (0.63 kg d-1) to May (1.11 kg d-1). During 2011, there was no
period effect (P = 0.244) or any interaction involving period (P = 0.345). This was
possibly because only two periods of grazing was used to evaluate ADG and therefore it
may have been insufficient time to observe a period effect. Hafley (1996) reported no
cultivar effect on ADG between Marshall (1.42 kg d-1) and Surrey (1.50 kg d-1; Sx̅ = 0.08)
annual ryegrass, suggesting that once herbage mass and nutritive value are not different
between cultivars then animal response will be the same. The linear decrease in ADG
with increasing stocking rate observed in this study is a common response that has been
reported in numerous other studies (Sharrow et al., 1981; Gunter et al., 2005; Stewart Jr.
et al., 2007; Inyang et al., 2010b; Morgan et al., 2012). Daily gains observed in this study
were similar to those reported for annual ryegrass of 1.0 to 1.2 kg d-1 (Zaragoza-Ramírez
et al., 2008; Islam et al., 2011). Sollenberger and Vanzant (2011) reported that across a
wide range of herbage mass or forage allowance a high proportion (60 to 90%) of
variation in ADG is attributed to quantity. The observation in this study, for both
herbage mass and forage allowance was less with increasing stocking rate thus explaining
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the differences in daily gains as a result limitation of forage intake due to stocking rate
imposition.
Table 9

Year

Average daily gain (ADG) of heifers on annual ryegrass pastures grazed
using continuous stocking at three levels of stocking rate during the
winter-spring seasons of 2009 and 2011 at Raymond, Mississippi.
Cultivar

Stocking Rate (animal ha-1)
3.75

2009

2011

5.0

Sx̅†

7.5

-------------ADG, kg--------1.19
1.16
0.98
1.25
1.24
0.98

0.08
0.08

Mean

1.22

1.20

0.98

0.05

Maximus
Marshall

1.33
1.29

1.16
1.20

1.16
1.01

Mean

1.31

1.18

1.09

Maximus
Marshall

Contrast‡
L

Q

0.01

0.21

0.015

0.856

0.09
0.09
0.06

†Standard error of the mean.
‡Orthogonal polynomial contrast, L = Linear and Q = Quadratic.
Summary and Conclusions

In this study, herbage mass between Marshall and Maximus annual ryegrass was
not different regardless of stocking rate. However, stocking rate affected herbage mass
and the response was linear. Herbage accumulation rate across grazing seasons was not
affected by any experimental variable. In the first year (2009), however, herbage
accumulation rate was influenced by period and stocking rate and in the second year
(2011) by period and cultivar. Forage allowance across grazing seasons was affected by
stocking rate and within year by period also. Forage nutritive value in the second year of
the study was affected by forage cultivar with Maximus having lower NDF, ADF and
greater WSC, IVTD and NDFD than Marshall annual ryegrass. This appeared to be
associated with moisture limitations during the 2011 season. Average daily gain was not
affected by forage cultivar in this study but was affected by stocking rate and the
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response was a linear decrease in ADG as stocking rate increased. The results of this
study suggest that animal performance and HM were not different between the diploid
and tetraploid cultivars but were influenced by stocking rate. In an associated study,
cattle have showed greater preference (herbage disappearance and time spent grazing) for
tetraploid than diploid cultivars. Even though cattle have shown preference for tetraploid
cultivars, ADG of cattle grazing the two cultivars of annual ryegrass was not different
and this was likely due to the high nutritive value of both cultivars.
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CHAPTER V
HARVEST MANAGEMENT BASED ON LEAF STAGE OF A TETRAPLOID VS. A
DIPLOID CULTIVAR OF ANNUAL RYEGRASS

Abstract
The act of defoliation creates a major encumbrance on pasture plants with its
impact being dependent on the timing and severity of defoliation. A 2-yr study was
conducted at Raymond, Mississippi, USA to quantify forage production, morphological
characteristics and nutritive value between a tetraploid vs. a diploid annual ryegrass
cultivar harvested at three different leaf stages and two stubble heights. Treatments were
two annual ryegrass cultivars ‘Maximus’ a tetraploid and ‘Marshall’ a diploid, three
different leaf stages (2-, 3-, and 4-leaves per tiller-1), and two residual stubble heights (5and 10-cm RSH) arranged in a 3 × 2 × 2 factorial combinations in a randomized complete
block design experiment with four replications for each treatment combination.
Responses were considered different at P < 0.05. In 2011, there was a linear increase in
forage harvested as defoliation interval increased from 2- (7.3 Mg DM ha-1) to 4-leaf
stage (8.8 Mg DM ha-1) and in 2012, there was a quadratic response of forage harvested
to defoliation interval. At 5-cm RSH forage harvested (7.9 Mg DM ha-1) tended to be
greater than at 10-cm RSH (7.5 Mg DM ha-1). Leaf stage had no effect on tiller density
(P = 0.394) but tiller density was less for Maximus (1191 tillers m-2) than Marshall (1383
tillers m-2). The responses of leaf blade proportion to defoliation interval were mostly a
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quadratic decreased from 2- to 4-leaf stage and greater for Maximus by 9% than
Marshall. There was a linear (2011) and quadratic (2012) decrease in in vitro true
digestibility from 2- (801 g kg-1 DM) to 4-leaf stage (729 g kg-1 DM). There was a
dichotomy in forage response in terms of forage harvested and nutritive value to
defoliation intervals based on leaf stage and stubble height of annual ryegrass therefore,
the choice of defoliation interval should be made in the context of farmer’s production
system.
Introduction
Harvest management based on the physiological status of forage crops is
considered a more efficient tool in utilizing pastures than harvest management based on a
schedule number of days, sward surface height, or herbage accumulation (Turner et al.,
2006a; Donaghy et al., 2008). Defoliation creates a major encumbrance on pasture plants
with its impact being dependent on the timing and severity of defoliation (Fulkerson and
Donaghy, 2001). Leaf stage-dependent defoliation of forage crops is linked to the plant
physiological status and it is perhaps a more suitable criterion for harvesting forage crops.
Forage defoliation interval based on leaf stage more readily reflects the extent of plant
recovery from harvest as it relates to the replenishment of water-soluble carbohydrate
(WSC) reserve (Fulkerson and Slack, 1995). Residual stubble height, which is affiliated
with the severity of defoliation, is another major management factor that alters regrowth
potential of forage crops (Lee et al., 2009). Since the stubble of forage plants is a major
storage site for WSC and can interact with defoliation height to alter plant growth, then
consideration must be given to the severity at which plants are defoliated (Donaghy and
Fulkerson, 1997; Lee et al., 2009). In a study using tall fescue, there was a strong
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positive relationship between stubble WSC levels and regrowth capacity of tall fescue
(Donaghy et al., 2008). Two important attributes of forage supply are quantity and
quality and each varies with frequency and intensity of defoliation (Motazedian and
Sharrow, 1990; Sollenberger and Vanzant, 2011). Therefore, judicious utilization of
pasture requires maintaining equilibrium between forage quality and quantity
optimization and the plant physiological status to ensured sustained production from
pasture sward for the duration of the growing season.
The combined attributes of productivity and quality is associated with annual
ryegrass (Lolium multiflorum Lam.), and it serves as a valued forage resource for
livestock producers during the winter-spring season in southeastern USA (Nelson et al.,
1997; Lippke et al., 2006). There are two types of ploidy of annual ryegrass available
commercially for forage production, one is the traditional diploid (2n = 14) cultivars and
the second is the more recently developed and utilized tetraploid (4n = 28) cultivars.
Tetraploid cultivars are created from doubling of the chromosomes of diploid cultivars
and therefore are expected to have higher ratio of cell content to cell wall (Stewart and
Hayes, 2011) thus resulting in greater digestibility, crude protein (CP), and WSC
concentration than diploid cultivars. There are, however, questions as to if these
perceived advantages of tetraploid cultivars can be exploited over existing diploid
cultivars under varying management systems. Such exploitation may advance the need
for intra-species cultivar-specific management in order to optimize production output
over the growing season. There is a considerable volume of information available on the
topic of leaf stage and stubble height defoliation management but primarily on perennial
forage crops with majority of these studies conducted under greenhouse environment
96

(e.g., Turner et al., 2006a; Turner et al., 2007a; Donaghy et al., 2008). Since their use
may be limited in its application to annual forage crops, it will be of equal importance in
studying these plant-related indicators on annual forage crops like annual ryegrass as a
tool to improve defoliation management efficiency at the field scale. The objective of
this study was to quantify forage production, morphological characteristics and nutritive
value between a tetraploid vs. a diploid annual ryegrass cultivar harvested at three
different leaf stages and at two stubble heights.
Materials and Methods
Experimental site
A clipping study was conducted at the Brown Loam Branch Experiment Station at
Raymond, Mississippi, USA (32° 12′ N, 90° 30′ W) during the winter through spring
seasons of 2010-2011 and 2011-2012. Soils at the experimental site are predominantly
Loring silt loam (fine-silty, mixed, thermic Typic Fragiudalfs). The mean soil pH (in
water) of the two selected sites was 5.4 and Lancaster extractable P, K, Mg, and Ca were
20, 63, 227, 1258 mg kg-1, respectively.
Weather
Defoliation of treatments commenced late in the first year of the study compared
to the second year due to delayed planting as a result of low precipitation in September
and October of 2010-2011 growing season (Fig. 12). Further, average air temperature
from November through February of the 2010-2011 growing season was lower than the
corresponding months of the 30-yr average, possibly causing further restriction in forage
growth during those months (Fig. 12). Precipitation and temperature are major
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environmental factors responsible for variation in forage production and quality and
therefore, forage response differences between years in this study can be attributed to the
differences in weather conditions.

Figure 12

Monthly accumulated precipitation and mean air temperature at Brown
Loam Experiment Station, Raymond, Mississippi

During September to June of 2010 to 2011 and 2011 to 2012 and 30-yr average was
calculated from 1980 to 2010 data. Vertical bars represent accumulated precipitation and
lines represent average air temperatures.
Treatments and Experimental Design
Treatments were two cultivars of annual ryegrass ‘Marshall.’ a diploid and
‘Maximus,’ a tetraploid, three defoliation intervals based on leaf stage (2, 3, and 4 leaves
per tiller based on the time of appearance of fully expanded leaves), and two residual
stubble heights (RSH; 5 and 10 cm). All possible combination of the three treatment
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factors were arranged as a 3 × 2 × 2 factorial of a randomized complete block design
experiment with four replications.
Plot Establishment and Management
The site was sprayed using Glyphosate, N-(phosphonomethyl) glycine at a rate of
1.12 kg a.i. ha-1 prior to seedbed preparation. Forty eight plots were used in this
experiment, each 5 m long × 1.5 m wide separated by 1-m alleys between plots and 2-m
alleyways between blocks. In the first year of the study, plots were seeded in late
November 2010 and in the second year, early October 2011 at a seeding rate of 30 kg ha-1
pure live seed for both cultivars using a small-plot planter (Kincaid Equipment
Manufacturing, Haven, KS). Two weeks after establishment in each year of the study, 60
kg ha-1 each of N, P2O5, and K2O was applied to each plot using a mixed fertilizer
(19-19-19). In January and again in March of each year, N was applied using Urea at a
rate of 60 kg N ha-1 for an annual total of 180 kg N ha-1.
Data Collection
Defoliation treatments were imposed when greater than 50% of 10 randomly
selected tillers attained the set number of fully expanded leaves, that is, 2, 3, and 4 leaves
tiller-1 (Fulkerson and Slack, 1994; Callow et al., 2005; Turner et al., 2006b). The
expansion of each new leaf was termed one “leaf stage” thus each treatment was referred
to as 2-leaf, 3-leaf, and 4-leaf stages. Fulkerson and Slack (1995) suggested that for
perennial ryegrass the 3-leaf stage is ideal for defoliation since optimum forage
production and regrowth is attained at this stage. To test this for annual ryegrass, in
addition to the 3-leaf stage we selected 2- and 4-leaf stages to represent an intense and a
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lenient defoliation management, respectively. Forage harvested was determined by
clipping a 2- × 0.6-m area in the center of each plot, at either 5- or 10-cm RSH using a
hand-held battery clipper. Total fresh weight of the harvested area was taken and a
subsample of 800 to1000 g was collected and dried in a forced-air oven at 55 to 60°C
until a constant weight was achieved for dry matter (DM) determination. Forage
harvested for each treatment was the total herbage accumulation during the experimental
period. In the first year of the study, there were three harvests at both 2- and 3-leaf stages
and two harvests at 4-leaf stage. In the second year, there were five, four, and three
harvests at the 2-, 3-, and 4-leaf stages, respectively (Table 10). Crop growth rate (CGR)
was calculated as the treatment herbage accumulation for each harvest period divided by
the number of days for that period.
Table 10

Year

Defoliation dates during the winter-spring season of 2011 and 2012 at
Raymond, Mississippi.
Harvest Period

Defoliation Intervals
2-Leaf stage

3-Leaf stage

4-Leaf stage

---------------------Dates of defoliation------------------2011

2012

1

23-Mar

29-Mar

05-Apr

2

18-Apr

26-Apr

12-May

3

16-May

23-May

Average days to harvest

28

28.5

38

1

06-Feb

14-Feb

27-Feb

2

14-Mar

20-Mar

30-Mar

3

09-Apr

19-Apr

02-May

4

03-May

11-May

5

21-May

Average days to harvest

27

100

29.7

33

Tiller density was determined from two 0.06-m2 quadrats, initially randomly
selected at sites within each plot outside of the area identified for forage harvested
sampling then marked permanently so that sampling was repeated at the same site each
time. Plants within the quadrats were clipped at the treatment RSH and the numbers of
live tillers were counted. After sampling for forage harvested and tiller count, six grab
samples were clipped at the treatment RSH from random sites and separated into leaf
blade, pseudostem, reproductive stem, and dead material. These fractions were oven
dried as described previously (55–60°C) and used to determine the relative proportion of
each morphological component on a DM basis. For analysis of forage nutritive value
parameters, another set of samples were collected similarly to those for separation and
oven-dried (55–60°C) then ground to pass a 1-mm stainless steel screen using a Wiley
mill (Model 4, Thomas Scientific, Swedesboro, NJ), and stored in airtight sterile plastic
bags at room temperature until analyzed. Stubble samples representing the RSH from
each treatment were collected from random locations in each plot outside of the area
already sampled for the other parameters described above. Four whole plants cut at
ground level and all leaves were removed from each tiller, then measured and cut to leave
either 5 or 10 cm from the base, representing the treatment RSH. The tillers from each
sample were counted, then dried as described above and weighed. Mean stubble weight
was calculated as dry weight of each sample divided by the number of tillers in the
sample. Thereafter, stubble samples were ground to pass a 1-mm stainless steel screen
using a Wiley mill (Model Digital ED-5, Thomas Scientific, Swedesboro, NJ), and stored
in airtight sterile plastic bags at room temperature until analyzed. Because both whole
plant and stubble samples involved WSC determination, they were collected between
101

0800 and 0900 h on sampling days to reduce the confounding effects of diurnal
fluctuation in WSC in plant (Fulkerson and Slack, 1994) then stored on ice in cooler in
the field. These samples were placed in oven within 40 to 60 min of cutting to inhibit
respiration activity. After all sampling was completed, the remaining herbage on each
harvested plot was mowed to the treatment RSH using a self-propelled mower equipped
with a catch bag.
Forage Nutritive Value Analysis
Analysis to estimate CP, NDF, ADF, and WSC concentrations was done using a
model 6500 near infrared reflectance spectroscopy (NIRS) instrument (FOSS North
America, Silver Spring, MD). The samples were scanned using FOSS ISIScan software
version 4.4 (Vision, 2007) and prediction equations developed by the NIRS Forage and
Feed Testing Consortium (Hillsboro, WI). The R2 values for CP, NDF, ADF, and WSC
were 0.98, 0.97, 0.94, and 0.92 respectively. Stubble WSC content was derived by
multiplying the WSC concentration by mean weight of stubble. In vitro true digestibility
(IVTD) and in vitro digestibility of the NDF fraction (NDFD) was determined using an
ANKOM DaisyII Incubator system (ANKOM Technology Corp, Macedon, NY) using a
modified version of Tilley and Terry (1963). Forage nutritive value across season was
based on weighted means, that is, the concentration of each parameter was multiplied by
the forage harvested for each harvest to get content, then season total content was divided
by season total forage harvested to compute the weighted concentration.
Statistical Analysis
The data were analyzed by fitting mixed models using PROC GLIMMIX in SAS
(SAS Institute, 2008). Response variables include forage harvested, crop growth rate,
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tiller density, morphological parameters (leaf blade, pseudostem, reproductive stem, and
dead material), forage nutritive value parameters (CP, NDF, ADF, WSC, IVTD, and
NDFD concentrations), and stubble WSC content. Responses across harvests during
each growing season were treated as repeated measures in time. Defoliation interval (i.e.,
leaf stage), stubble height, forage cultivar, and year were fixed effects. The nature of the
response to leaf-stage defoliation was determined using orthogonal polynomial contrasts.
Correlation among stubble WSC concentration, stubble WSC content, forage harvested,
and CGR were done using the PROC CORR procedure of SAS (SAS Institute, 2008).
Means separation was conducted using the PDIFF option in SAS and considered different
when P ≤ 0.05 unless otherwise stated.
Results
Forage Harvested and Crop Growth Rate
There was a year × leaf stage interaction effect (P = 0.011) on forage harvested.
The interaction occurred because in 2011, the response was a linear increase (P < 0.001)
as defoliation increased from the 2- to the 4-leaf stage and in 2012, the response was
quadratic (P = 0.045; Fig. 13). Within leaf stage, forage harvested was different across
years only at the 4-leaf stage, greater by 13% in 2011 than 2012 (Fig. 13). There were
trends for main effects of forage cultivar (P = 0.100; Sx̅ = 0.22) and stubble height (P =
0.074; Sx̅ = 0.22) on forage harvested. Forage harvested for Maximus (7.8 Mg DM ha-1)
tended to be greater than Marshall (7.5 Mg DM ha-1) and forage harvested at the 5-cm
RSH (7.9 Mg DM ha-1) tended to be greater than at 10-cm (7.5 Mg DM ha-1).
For CGR, there were main effects of cultivar (P = 0.007; Sx̅ = 2.0) and leaf stage
(P < 0.001; Sx̅ = 2.0). Crop growth rate for Maximus (50.0 kg DM ha-1 d-1) was greater
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than Marshall (45.0 kg DM ha-1 d-1) and there was a quadratic (P < 0.001; R2 = 1.0)
response to defoliation interval (P < 0.001) [CGR = 149.86 - 79.47 * leaf stage + 14.07 *
leaf stage2]. Between years, CGR tended to be greater (P = 0.073; Sx̅ = 3.0) in 2011 (52.0
kg DM ha-1 d-1) than 2012 (43.0 kg DM ha-1 d-1). There were no stubble height (P =
0.286) effect [5-cm (47.0) vs. 10-cm (48.0 kg DM ha-1 d-1)] or interactions involving any
experimental variables (P = 0.380) on CGR.

Figure 13

Forage harvested (FH) for Maximus and Marshall annual ryegrass
defoliated at three different leaf stages and two residual stubble heights

Three leaf stages were 2-, 3-, and 4-leaves tiller-1stages and two stubble heights 5 and 10
cm. Study was conducted during the winter-spring season of 2011 and 2012 at Raymond,
Mississippi.
Tiller density
There were main effects of forage cultivar (P = 0.003; Sx̅ = 35.0), stubble height
(P = 0.008; Sx̅ = 35.0), and year (P = 0.008; Sx̅ = 35.0) on tiller density. Maximus had
104

less tillers (1191 tillers m-2) than Marshall (1383 tillers m-2). Harvesting at 5-cm RSH
resulted in greater tillers (1373 tillers m-2) than at 10-cm RSH (1201 tillers m-2). In 2011,
tiller density (1451 tillers m-2) was greater than in 2012 (1123 tillers m-2). There was no
effect of leaf stage (P = 0.394; Sx̅ = 44) on tiller density (2-leaf, 1316 tillers m-2; 3-leaf,
1238 tillers m-2; 4-leaf, 1307 tillers m-2) or any interactions (P = 0.462).
Stubble Weight
There was a year × leaf stage × stubble height interaction effect (P = 0.014; Sx̅ =
2.0), and a cultivar × stubble height interaction effect (P = 0.004; Sx̅ = 1.2) on stubble
weight. In 2011, at 5-cm residual stubble there was a linear increase (P < 0.001) in
stubble weight as defoliation interval increased from 2- to 4-leaf stage and at 10-cm
residual stubble the response of stubble weight was quadratic (P < 0.001) to defoliation
interval (Fig. 14). In 2012, at 5-cm residual stubble weight response was neither linear (P
= 0.135) nor quadratic (P = 0.57) but at 10-cm residual stubble there was a linear (P =
0.046) increase in stubble weight as defoliation interval increased (Fig. 14). For the
cultivar × stubble height interaction effect for Maximus at both 5- (50.4 mg tiller-1) and
10-cm (74.8 mg tiller-1) stubble weight was greater than Marshall at 5- (46.4 mg tiller-1)
and 10-cm (64.7 mg tiller-1) respectively. Within both cultivars, stubble weight was
greater for 10-cm than 5-cm RSH (P < 0.001).

105

Figure 14

Stubble weight (SW) for Maximus and Marshall annual ryegrass defoliated
at three different leaf stages and two residual stubble heights

Three leaf stages were 2-, 3-, and 4-leaves tiller-1stages and two stubble residual heights 5
and 10 cm. Study was conducted during the winter-spring season of 2011 and 2012 at
Raymond, Mississippi.
Stubble WSC Concentration and Content
There were main effects of cultivar (P < 0.001; Sx̅ = 2.0), leaf stage (P < 0.001; Sx̅
= 3.0), and stubble height (P = 0.012; Sx̅ = 2.0) on stubble WSC concentration. Maximus
stubble WSC (125.6 g kg-1 DM) was greater than Marshall (118.8 g kg-1 DM) and there
was a linear (P < 0.001) increase in stubble WSC concentration as defoliation interval
increased from 2- to 4-leaf stage (WSC = 89.86 + 9.6 * leaf stage; R2 = 0.95). Stubble
WSC concentration was greater at the 5-cm (122.8 g kg-1 DM) than at the 10-cm RSH
(114.5 g kg-1 DM). There was no effect of year (P = 0.251; Sx̅ = 2.0) on stubble WSC
concentration (2011, 121.0 g kg-1 DM; 2012, 116.4 g kg-1 DM) or any interactions (P =
0.315).
106

There was a main effect of forage cultivar (P < 0.001; Sx̅ = 0.21) on stubble WSC
content with Maximus (7.9 mg tiller-1) greater than Marshall (6.2 mg tiller-1) but there
were no interactions involving forage cultivar (P = 0.651). Also, there was a year × leaf
stage × stubble height interaction effect (P = 0.008) on stubble WSC content. Year and
stubble height were involved in the interaction because of the linear responses in 2011
and 2012 at 5- and 10-cm respectively and the quadratic responses at 10-cm in 2011 and
2012 (Fig. 15). In 2011, at 5-cm there was a tendency for a linear (P = 0.089) increase in
stubble WSC content as defoliation interval increased and at 10-cm there was a quadratic
(P = 0.007) response of stubble WSC content to defoliation interval (Fig. 15). In 2012, at
5-cm there was a linear (P = 0.003) increase in stubble WSC content as defoliation
interval increased from 2- to 4-leaf stage and at 10-cm the response of stubble WSC
content to defoliation interval tended to be quadratic (P = 0.051; Fig. 15).
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Figure 15

Stubble water-soluble carbohydrate content of tillers for Maximus and
Marshall annual ryegrass defoliated at three different leaf stages and two
residual stubble heights

Three leaf stages were 2-, 3-, and 4-leaves tiller-1stages and two stubble heights 5 and 10
cm. Study was conducted during the winter-spring season of 2011 and 2012 at Raymond,
Mississippi.
Forage Morphology
There was a year × forage cultivar × leaf stage × stubble height interaction effect
(P = 0.019) on the proportion of leaf blade. The interaction occurred partially because of
the quadratic responses in 2011 for Marshall at both 5- and 10-cm RSH and the linear
responses that occurred in 2012 and for Maximus the quadratic responses in 2012 at 5and 10-cm RSH (Fig. 16A). In 2011, for Maximus and Marshall at both 5- and 10-cm
RSH, there were quadratic (P = 0.011) responses of the proportion of leaf blade to
defoliation interval (Fig. 16A). In 2012, Maximus at 5-cm tended to be quadratic (P =
0.089) but at 10-cm there was a quadratic (P = 0.006) response of leaf blade proportion to
defoliation interval (Fig. 16A). For Marshall at both 5- and 10-cm RSH, the responses
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were a linear decrease in the proportion leaf blade as defoliation interval increased (Fig.
16A).
There was a three-way interaction effect of forage cultivar × leaf stage × stubble
height (P = 0.021) and two-way interaction effects involving year × leaf stage (P < 0.001)
and year × forage cultivar (P = 0.005; Sx̅ = 0.7) on the proportion of pseudostem. The
three-way interaction occurred mainly because response to defoliation interval for
Marshall at 5-cm RSH tended to be quadratic (P = 0.059) while at 10-cm RSH there was
quadratic response (P = 0.033) but for Maximus there was no effect of defoliation
interval (Fig. 16B). For Marshall, RSH differences were evident only at the 4-leaf stage
but for Maximus, proportion of pseudostem was greater at the 5- than at the 10-cm RSH.
Generally Marshall tended to have greater proportion pseudostem. The interaction of
year × leaf stage on the proportion of pseudostem occurred because of the quadratic (P <
0.001) response in 2011 to defoliation interval and a linear (P < 0.001) increase in 2012
(Fig. 17A). For the year × forage cultivar interaction effect, Maximus had less proportion
of pseudostem than Marshall in both years but the magnitude of the difference was more
in the first year. Proportion of pseudostem was greater in 2011 than 2012 (Fig. 18A).
There were two-way interaction effects involving year × leaf stage (P < 0.001; Sx̅
= 1.0), year × forage cultivar (P = 0.005; Sx̅ = 0.9), and forage cultivar × stubble height
(P = 0.016; Sx̅ = 0.7) on the proportion of reproductive stem. For the year × leaf stage
interaction effect, there was a quadratic (P < 0.001) response to defoliation interval in
2011 and only a tendency for a quadratic response (P = 0.082) in 2012 (Fig. 17B). The
year × forage cultivar interaction was due to a cultivar differences (P = 0.002) in 2012
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but not in 2011 (Fig. 18B). Generally, proportion reproductive stem was greater in 2011
than 2012 (Fig. 18B).
At the 5-cm RSH, Maximus and Marshall had a similar proportion of
reproductive stem (Fig. 18C). At 10-cm, however, Maximus had less proportion of
reproductive stem than Marshall. Proportion of reproductive stem was greater at 10-cm
than at 5-cm RSH (Fig. 18C).
There were main effects of leaf stage (P < 0.001; Sx̅ = 0.4), stubble height (P <
0.001; Sx̅ = 0.4), and year (P = 0.007; Sx̅ = 0.4) on the proportion of dead material.
However, there was no forage cultivar effect (P = 0.615) or any interactions (P = 0.554).
There was a quadratic (P = 0.014) response of proportion dead material to leaf stage
defoliation interval (Table 11). Forage harvested at 5-cm RSH had greater (8.2%)
proportion of dead material than at 10-cm RSH (6.3%) and 2011 had greater (8.2%)
proportion of dead material than 2012 (6.3%). Equations derived for computing
morphological components proportion are presented in Table 11.
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Figure 16

The proportion of (A) leaf blade, and (B) pseudostem for Maximus and
Marshall annual ryegrass defoliated at three different leaf stages and two
residual stubble heights

Three leaf stages were 2-, 3-, and 4-leaves tiller-1stages and two stubble heights 5 and 10
cm. Study was conducted during the winter-spring season of 2011 and 2012 at Raymond,
Mississippi.
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Figure 17

The proportion of (A) pseudostem, and (B) reproductive stem for Maximus
and Marshall annual ryegrass defoliated at three different leaf stages and
two residual stubble heights

Three leaf stages were 2-, 3-, and 4-leaves tiller-1stages and two stubble heights 5 and 10
cm. Study was conducted during the winter-spring season of 2011 and 2012 at Raymond,
Mississippi.
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Figure 18

The proportion of (A) pseudostem, and (B and C) reproductive stem,
Maximus and Marshall annual ryegrass defoliated at three different leaf
stages and two residual stubble heights

Three leaf stages were 2-, 3-, and 4-leaves tiller-1stages and two stubble heights 5 and 10
cm. Study was conducted during the winter-spring season of 2011 and 2012 at Raymond,
Mississippi.
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Table 11
Parameters
Leaf blade

Pseudostem

Pseudostem
Reproductive
stem

Equations for computing morphological components of Maximus and
Marshall annual ryegrass using leaf stage defoliation
Factors

Response†

R2

Equations‡

2011, Marshall 5-cm

Q

26.92 + 20.7 * LS - 4.98 * LS2

1.0

2011, Marshall 10-cm

Q

-9.1 + 47.3 * LS - 9.5 * LS

1.0

2011, Maximus 5-cm

2

Q

-1.5 + 44.05 * LS - 8.85 * LS

2

1.0

2011, Maximus 10-cm

Q

20.3 + 31.05 * LS - 6.85 * LS2

1.0

2012, Marshall 5-cm

L

80.93 - 6.7 * LS

0.95

2012, Marshall 10-cm

L

70.97 - 2.6 * LS

0.7

2012, Maximus 5-cm

Q

35.6 + 24.1 * LS - 4.3 * LS2

1.0

2012, Maximus 10-cm

Q

25.7 + 37.95 * LS - 7.35 * LS2

1.0

Marshall 5-cm

Q

-17.2 + 30.9 * LS - 4.7 * LS2

1.0

Marshall 10-cm

Q

-17.9 + 32.15 * LS - 5.25 * LS2

1.0

Maximus 5-cm

Q

-4.0 + 15.35 * LS - 2.55 * LS

2

1.0

Maximus 10-cm

Q

-1.5 + 15.65 * LS - 2.35 * LS2

1.0

Year 2011

Q

-46.9 + 55.4 * LS - 9.3 * LS

1.0

Year 2012

L

14.98 + 2.85 * LS

Year 2011

Q

119.8 -83.75 * LS - 15.6 * LS2

1.0

Year 2012

Q

20.2 - 10.25 * LS + 1.65 * LS

1.0

† Q = Quadratic; L = Linear
‡ LS = Leaf stage

2

0.9

2

Forage Nutritive Value
There were main effects of forage cultivar (P = 0.027; Sx̅ = 2.9), and leaf stage (P
< 0.001; Sx̅ = 3.5) and a year × stubble height interaction effect (P = 0.035; Sx̅ = 4.1) on
CP concentration. Maximus (211.6 g kg-1 DM) had greater CP concentration than
Marshall (203.1 g kg-1 DM). There was a linear (P < 0.001) decrease in CP concentration
(CP = 281.73 - 24.8 * leaf stage; R2 = 0.97) as defoliation interval increased (Fig. 19A).
The year × stubble height interaction effect was due to magnitude of difference in CP
concentration within stubble height between years but there was no stubble height effect
within years (P = 0.140; Fig. 20A).
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There were three-way interaction effects of year × forage cultivar × leaf stage (P
= 0.007) and year × forage cultivar × stubble height (P = 0.033) on NDF concentration.
The year × forage cultivar × leaf stage interaction occurred mainly because responses
were linear in 2011 and quadratic in 2012 and also because of the magnitude of the
difference at the 2-leaf stage (Fig. 19B). The year × forage cultivar × stubble height
interaction effect on NDF concentration occurred mainly due to forage cultivar effect (P
= 0.006) at the 10-cm RSH in 2012 but in 2011, at both 5- and 10-cm RSH, forage
cultivar had no effect (P = 0.369) (Fig. 20B). In 2011, both Maximus and Marshall had
less NDF concentration at 10-cm than 5-cm RSH. In 2012, stubble height had no effect
(P = 0.387) on NDF concentration of Marshall but NDF concentration of Maximus was
greater at 5-cm than 10-cm RSH. Within cultivar and stubble height NDF concentration
was less in 2012 than 2011 (Fig. 20B).
There was a year × leaf stage interaction effect (P = 0.044; Sx̅ = 15.0) on ADF
concentration. In 2011, ADF concentration increased linearly (P = 0.004) and in 2012
the response was quadratic (P = 0.002; Fig. 19C). There was no main effects of forage
cultivar (P = 0.304; Sx̅ = 10.0) on ADF concentration (Maximus, 308.6 g kg-1 DM vs.
Marshall, 299.3 g kg-1 DM), or stubble height (P = 0.408; Sx̅ = 10.0; 5-cm, 307.7 g kg-1
DM vs. 10-cm, 300.2 g kg-1 DM), nor any interactions (P = 0.591) involving these two
experimental variables.
There was a year × leaf stage × stubble height interaction effect (P = 0.018) on
WSC concentration. There was no cultivar effect (P = 0.222; Sx̅ = 3.6), however
(Maximus, 91.8 g kg-1 DM vs. Marshall, 95.8 kg-1 DM) or any interactions (P = 0.765)
involving forage cultivar. In 2011 there were quadratic responses of WSC concentration
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to defoliation interval (P = 0.033) at both 5-cm and 10-cm RSH. In 2012, at 5-cm RSH
there was a linear (P < 0.001) increase in WSC concentration but at 10-cm there was only
a tendency for a quadratic (P = 0.054) response to defoliation interval (Fig. 19D).
There were two-way interaction effects of year × leaf stage (P < 0.001; Sx̅ = 5.4)
and year × stubble height (P = 0.013; Sx̅ = 4.6) on in vitro true digestibility (IVTD).
There was no forage cultivar effect (P = 0.173; Sx̅ = 3.3) on IVTD (Maximus, 776.0 g
kg-1 DM vs. Marshall, 770.0 g kg-1 DM) or any interactions (P = 0.634) involving forage
cultivar. In 2011, there was a linear (P < 0.001) decrease in IVTD as defoliation interval
increased but in 2012, there was a quadratic (P < 0.001) response (Fig. 19E). Stubble
height had no effect (P = 0.569) on IVTD in 2011, however, in 2012 IVTD at 5-cm was
greater than at 10-cm. Within 5-cm RSH, IVTD in 2012 was greater than in 2011 but
within 10-cm RSH year had no effect on IVTD (Fig. 20C).
There were two-way interaction effects involving year × forage cultivar (P =
0.008; Sx̅ = 3.3), year × leaf stage (P < 0.001), and year × stubble height (P = 0.005) on
NDFD. In 2011, Maximus had greater NDFD (862.9 g kg-1 DM) than Marshall (845.6 g
kg-1 DM) but in 2012 forage cultivar had no effect (P = 0.401) on NDFD (averaged =
865.5 g kg-1 DM). Within cultivar, year had no effect (P = 0.399) on NDFD of Maximus
but for cultivar Marshall, NDFD concentration was greater in 2012 than 2011. The year
× leaf stage interaction (Fig. 19F) occurred because of a linear decrease (P < 0.001) in
2011 and a quadratic response (P < 0.001) in 2012. In 2012, NDFD was greater (P <
0.001) at 5- than at 10-cm RSH but there was no RSH effect in 2011 (P = 0.647) (Fig.
20D). Within stubble height, NDFD at 5-cm RSH was greater in 2012 than 2011but for

116

10 cm, year had no effect (P = 0.447). Equations derived for computing nutritive value
parameters NDF, ADF, WSC, IVTD, and NDFD are presented in Table 12.

Figure 19

Forage nutritive value concentration of Maximus and Marshall annual
ryegrass defoliated at three different leaf stages at 5-cm and 10-cm residual
stubble heights

(A) CP = crude protein, (B) NDF = neutral detergent fiber, (C) ADF = acid detergent fiber, (D) WSC = water-soluble
carbohydrate, (E) IVTD = in vitro true digestibility, and (F) NDFD = neutral detergent fiber digestibility. Three leaf
stages were 2-, 3-, and 4-leaves tiller-1stages and two stubble heights 5 and 10 cm. Study was conducted during the
winter-spring season of 2011 and 2012 at Raymond, Mississippi.
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Figure 20

Forage nutritive value concentration of Maximus and Marshall annual
ryegrass defoliated at three different leaf stages at 5-cm and 10-cm residual
stubble heights

(A) CP = crude protein, (B) NDFD = neutral detergent fiber, (C) IVTD = in vitro true
digestibility, (D) NDFD = neutral detergent fiber digestibility. Three leaf stages were 2-,
3-, and 4-leaves tiller-1stages and two stubble heights 5 and 10 cm. Study was conducted
during the winter-spring season of 2011 and 2012 at Raymond, Mississippi.
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Table 12

Parameters†
NDF

ADF
WSC

IVTD
NDFD

Equations for computing forage nutritive value concentration of Maximus
and Marshall annual ryegrass using leaf stage.
Factors
2011, Marshall
2011, Maximus
2012, Marshall
2012, Maximus
Year 2011
Year 2012
2011, 5-cm
2011, 10-cm
2012, 5-cm
2012, 10-cm
Year 2011
Year 2012
Year 2011
Year 2012

Response‡
L
L
Q
Q
L
Q
Q
Q
L
Q
L
Q
L
Q

Equations§
402.18 + 41.5 * LS
387.6 + 45.3 * LS
720.3 - 197.0 * LS + 34.9 * LS2
659.0 - 162.5 * LS + 31.6 * LS2
231.8 + 28.9 * LS
531.6 - 222.3 * LS + 43.94 * LS2
172.5 - 60.2 * LS + 9.9 * LS2
188.0 - 68.8 * LS + 11.3 * LS2
33.05 + 24.7 * LS
-67.2 + 105.95 * LS - 16.65 * LS2
876.8 - 35.7 * LS
280.9 + 369.6 * LS - 63.5 * LS2
956.7 - 34.2 * LS
402.6 + 349.1 * LS - 60.5 * LS2

† NDF = neutral detergent fiber, ADF = acid detergent fiber, WSC = water-soluble
carbohydrate, IVTD = in vitro true digestibility, NDFD = neutral detergent fiber
digestibility
‡L = Linear; Q = Quadratic
§ LS = Leaf stage

R2
0.98
0.99
1.0
1.0
1.0
1.0
1.0
1.0
0.99
1.0
0.96
1.0
0.92
1.0

Discussion
This study evaluated responses of several forage parameters to defoliation
frequency and intensity based on three different leaf stages and two residual stubble
heights of two cultivars of annual ryegrass. In agreement with the leaf stage effect in this
study (Fig. 13), Turner et al. (2006a, 2006b, 2007b) working with prairiegrass (Bromus
willdenowii Kunth.), perennial ryegrass (Lolium perenne L.), cocksfoot (Dactylis
glomerata L.), and Donaghy et al. (2008) working with tall fescue (Festuca arundinacea
Schreb.) demonstrated that, irrespective of forage species, plants defoliated at 4-leaf stage
had greater forage harvested than 3- and 2-leaf stages. Brink et al. (2010), studying
defoliation management of meadow fescue [Schedonorus pratensis (Huds.) P. Beauv.],
tall fescue, and orchardgrass (Dactylis glomerata L.), and Giambalvo et al. (2011)
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studying stubble height and cutting frequency of berseem clover (Trifolium alexandrinum
L.) reported that less frequent defoliation produced greater forage harvested than those
defoliated frequently. In the current study, the 4-leaf stage was harvested less frequently.
There was a tendency for Maximus to have greater forage harvested than Marshall
and this contrasted the forage cultivar effect on tiller density since Marshall had greater
number of tillers than Maximus. More often than not, tiller density and mass are believed
to be responsible for most of the increase in forage biomass production (Hernández
Garay et al., 1997; Muir et al., 2001). Both stubble WSC concentration and content was
greater for Maximus than Marshall and there was a positive correlation between WSC
content and crop growth rate (r = 0.299; P = 0.039). We speculate that this and whole
tiller weight, a parameter that was not measured in this study, contributed to the
difference. In a study examining sward characteristics of six perennial ryegrass cultivars,
Smit et al. (2005a) reported that tiller weight decreases with increasing tiller density
perhaps validating our speculation in this study. Observations in the field suggested also
that stem diameter and leaf size were larger for Maximus than Marshall but again these
were not measured. The results reported in the literature have been mixed in relation to
cultivar effect on forage harvested of annual ryegrasses. In quantifying forage harvested
among six entries of annual ryegrass for the 1997–1998 and 1998–1999 growing seasons
across four locations in Louisiana, Redfearn et al. (2002) reported no differences in
forage harvested among the six entries evaluated but in a 12 yr (1987–1998) variety
testing trial using 30 entries of annual ryegrass at five locations across Louisiana, there
were differences among several entries (Redfearn et al., 2005). Parish (2010) in variety
testing trials across four locations in Mississippi reported no difference between
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Maximus and Marshall annual ryegrass but in a study by Nelson et al. (2011) across two
locations in Texas, forage harvested was similar between Maximus and Marshall at
Overton but was greater for Maximus than Marshall at Beaumont. Harvesting at a
greater depth in the canopy and the greater tiller density at 5-cm relative to 10-cm RSH
may have played partial roles in the trend of greater forage harvested at 5- than 10-cm
RSH, and this may also be related to the finding that stubble WSC content was greater at
10-cm RSH. Forage harvested at 5-cm tended to be greater than at 10-cm indicating that
defoliation intensity played a role in this response. Brink et al. (2010) reported that
grasses cut at 5-cm RSH produced greater annual forage harvested than those cut at
10-cm RSH. Also, similar results of greater forage harvested for both perennial ryegrass
and tall fescue at 5-cm than 10-cm RSH was reported by Hamilton et al. (2013).
Contrary to this trend in our study, however, Volesky and Anderson (2007)
studying defoliation effects on several perennial grasses (smooth bromegrass [Bromus
inermis Leyss.], orchardgrass, creeping foxtail [Alopecurus arundinaceus Poir.], and
meadow bromegrass [Bromus riparius Rhem.]) reported an averaged across species 27%
reduction in total forage harvested from plant defoliated at 7-cm compared to14-cm RSH.
Further, Inyang et al. (2010a) using ‘Mulato II’ brachiariagrass (Brachiaria sp.) reported
a quadratic decrease in herbage accumulation with increasing stubble height harvest from
2.54- to 12.7-cm RSH. In a study with bahiagrass (Paspalum notatum Flügge.) harvested
at either 4- or 8-cm RSH, stubble height did not affect total forage harvested (Interrante et
al., 2009). These varying responses are indicative that stubble height effects on forage
productivity vary among forage species. Based on the studies cited above, it appears that
perennial forages have reduced forage mass with more intense defoliation, probably due
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to reduced persistence and slower crop growth rate. Lee et al. (2009) suggested that a
minimum post-defoliation stubble threshold of 6.5 mg WSC tiller-1 is required for normal
forage growth and if stubble WSC content falls below this threshold herbage growth was
negatively affected. In our study, it was only during the first year at 2-leaf stage (Fig. 15)
that WSC content of tiller fell below this threshold. There was a quadratic response of
crop growth rate to defoliation interval and while the difference between 2- and 4-leaf
stages was normal the greater crop growth rate at 2- compared to 3-leaf stage was
somewhat unusual. This response cannot be explained by neither stubble WSC
concentration or content since there was no correlation between stubble WSC
concentration and crop growth rate (r = 0.216; P = 0.141) and WSC content between 2and 3-leaf stage was not different. Close examination of weather (Fig. 12) did not reveal
any unusual changes in temperature or precipitation post defoliation at the 3-leaf stage
relative to 2-leaf stage.
In a similar result to our study, Turner et al. (2006b) reported that defoliating
prairiegrass and cocksfoot at the 4-leaf stage of regrowth resulted in greater crop growth
rate compared with defoliation at 2- or 3-leaf stages of regrowth. This greater crop
growth rate and forage harvested at 4-leaf stage relative to 2- and 3-leaf stages can be
partially explained by the positive correlation between WSC content and crop growth rate
(r = 0.30; P = 0.039).
In agreement with the difference in tiller density between the two cultivars in this
study, differences in tiller density as a result of different cultivars of perennial ryegrass
were reported (Smit et al., 2005a; Barre et al., 2006). To this effect, Cheplick, (2008)
concluded that Lolium genotypes accounted for most of the variation in tiller density. In
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support of the 12% greater tiller numbers at 5-cm compared to 10-cm RSH in our study,
Malinowski et al. (2003) reported that in the second growing season of their study
wheatgrasses defoliated at 7.5-cm stubble height produced more tillers than wheatgrasses
defoliated at 15-cm stubble height. In contrast, Hamilton et al. (2013) reported that
perennial ryegrass harvested at 10-cm RSH (2822 tillers m-2) had 70% greater tillers than
at 5-cm RSH (821 tillers m-2). D’Angelo et al. (2005) reported that defoliation of tall
oatgrass [Arrhenatherum elatius (L.) Presl] at 5-cm reduced tillers m-2 and Volesky and
Anderson (2007) reported that tiller density of several perennial grasses cut at 7-cm
stubble height was 48 to 55% less than that observed at 14- and 21-cm stubble heights. In
contrast to these results and ours, Lee et al. (2009) reported that defoliation of perennial
ryegrass dominant sward at 2.0-, 4.0-, or 6.0-cm RSH did not affect tiller density. The
responses in this study and those cited suggest that forage plants response to defoliation
intensities varies with species.
Similar to the results of this study, Turner et al. (2006b) reported that defoliation
intervals of 2-, 3-, or 4-leaf stages did not have an effect on tiller density. Contrastingly,
Donaghy and Fulkerson (1998) harvesting perennial ryegrass at 1- vs. 3-leaf stages and
Turner et al. (2007a) harvesting prairiegrass at 2- vs. 4-leaf stages both reported greater
tiller numbers plant-1 at the less frequent defoliation.
Water-soluble carbohydrates are a major contributor to the regulation of growth
and development in temperate grasses and compared to other plant parts, the stubble of
these grasses are known to contain the greatest concentration of WSC (Sandrin et al.,
2006). The magnitude of reduction in reserve levels of WSC varies with the frequency
and severity to which plants are defoliated, for example, the combined effects of lower
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stubble height and frequent defoliations have resulted in an eight-fold reduction in WSC
concentration and a 17-fold reduction in WSC content (Donaghy and Fulkerson, 1998).
In our study, stubble WSC concentration was 5% greater for Maximus than Marshall and
stubble WSC concentration at the 2-leaf stage was 13% less than 3- and 4-leaf stages.
Similar to the findings of our study, Donaghy and Fulkerson (1998) also reported less
WSC concentration at more frequent defoliation compared to less frequent defoliation.
In our study, there was a 7% greater WSC concentration at the 5-cm stubble compared to
10-cm stubble, corresponding to results reported by Turner et al. (2007a) of a decline in
stubble WSC concentration of prairiegrass from 5- to 10-cm stubble segments. Donaghy
and Fulkerson (1998), however, reported greater WSC concentration at a higher stubble
height (5.0 cm) compared to a lower stubble height (2.0-cm). Also, contrary to our
results, Sandrin et al. (2006) found no difference in the WSC concentration in the upper
and lower stubble of annual ryegrass. Stubble WSC content, which is a better indicator
of forage crops regrowth potential than concentration (Donaghy and Fulkerson, 1998)
was greater for Maximus than Marshall and this can be explained by both the greater
WSC concentration and stubble weight of Maximus than Marshall. Also the greater
WSC content at 4-leaf stage than 2- and 3- leaf stages in 2011 (Fig. 15) can be explained
by the greater WSC concentration and stubble weight at 4-leaf stage relative to 2- and
3-leaf stages. The greater WSC content per stubble at 4-leaf stage (Fig. 15) in our study
have been supported by similar results reported by Turner et al. (2006b, 2007a), using
several perennial grasses. In further support of the greater stubble WSC content at 4-leaf
stage in this study, Donaghy et al. (2008) using tall fescue reported a 33 to 43% greater
WSC content for stubble of forage harvested at 4-leaf stage relative to 2- and 3-leaf
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stages. The range of difference in WSC content in our study was 21 to 35% greater at
4-leaf stage than 2-leaf stage. Turner et al. (2006a) reported no effect of leaf stage on
WSC content of prairiegrass stubble, which is in contrast to the results of our study.
Similar to results of our study, Donaghy and Fulkerson (1998) reported that WSC content
of perennial ryegrass stubble was less at 2-cm compared to 5-cm RSH. Overall, Maximus
had an average 9% greater proportion of leaf blade than Marshall and there was no
difference in the proportion of leaf blade at 2- and 3-leaf stages but there was an average
of 23% decline in the proportion of leaf blade when harvested at the 4-leaf stage (Fig.
16A). There was a 3% greater proportion of leaf blade at 10-cm relative to the 5-cm
RSH. Variation in plant morphological characteristics for cultivars within the same
forage species is quite common, as other researchers have reported differences in the
proportion of leaf blade for several cultivars of perennial ryegrass (Gilliland et al., 2002;
Smit et al., 2005a). The decrease in proportion leaf at 4-leaf stage compared with 2- and
3-leaf stages is a typical response associated with infrequent harvest. Coumo et al.
(1996) studying plant morphology and nutritive value of three bahiagrasses reported a
frequency effect on plant morphological characteristics and that the proportion of leaf
declined by 8.3% when bahiagrass was harvested at 40-d compared to 20-d. Hurley et al.
(2009) reported that both 3- and 4-leaf stages overall had a greater proportion of
pseudostem than 2-leaf stage, reflective of increase in stem elongation rate as plant
maturity increased. Other morphological components such as pseudostem, reproductive
stem, and dead material are inversely proportional to the leaf blade proportion.
In our study, Maximus had a 4% greater CP concentration than Marshall and
harvesting in the upper portion of the canopy (10-cm RSH) relative to the lower depth
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(5-cm RSH) did not influence CP concentration. The forage cultivar difference was in
contrast to difference in CP concentration of diploid and tetraploid perennial ryegrasses
reported by Balocchi and López, (2009). Harvesting at 2-leaf relative to 3- and 4-leaf
stages resulted in 8 to 22% decline, respectively, in CP concentration. The NDF and
ADF concentrations at 4-leaf stage increased by an average of 10 to 18%, respectively,
relative to 3- and 2-leaf stages and these differences can be attributed to the lower
proportion of leaf and greater proportion of senescent material at the 4-leaf stage (Fig.
16A). Water-soluble carbohydrates concentration was 12% greater at 4-leaf stage
compared with 2- and 3-leaf stages. In addition, harvesting at 5-cm RSH resulted in 7%
greater WSC concentration than at 10-cm RSH (Fig. 19D). Digestibility of forage
harvested at 4-leaf stage declined by 7% (IVTD) and 6% (NDFD) compared with 2- and
3-leaf stages (Fig. 19E). Similar to the results of our study, Donaghy et al. (2008)
reported a decrease in CP and digestibility and an increase in NDF, ADF and WSC when
tall fescue was harvested at 4-leaf stage relative to 2- or 3-leaf stages. Lee et al. (2009)
also reported a defoliation interval effect on CP, NDF, ADF, WSC, and digestibility and
all had a similar response to that observed in our study. Volesky and Anderson (2007)
have reported that both CP and digestibility were less at 7-cm relative to 14- and 21-cm
RSH in their study. In contrast to Volesky and Anderson (2007), CP concentration was
not affected by stubble height in our study but there was a marginal difference in
digestibility (IVTD). Lee et al. (2009) reported that WSC concentration declined by 8%
when harvested at a 6-cm relative to a 2-cm stubble height and this response was similar
to the results in this study. The reason for such a response could be due to the generally
greater WSC concentration at the tiller base of these forages relative to the upper horizon
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of the canopy (Sandrin et al., 2006). In contrast to the results of this study, Inyang et al.
(2010a) reported a linear increase in herbage CP and digestibility of Mulato II grass with
decreasing stubble height and this they attributed to greater proportion of less mature
tissue with greater nutritive value at shorter than taller stubble height.
Summary and Management Implications
Harvest management based on leaf stage defoliation interval had a definitive
response in the first year of the study, with greater forage harvested at the 4-leaf stage
compared with 2- and 3-leaf stages. However, leaf stage had no effect on forage
harvested in the second year of the study. Harvesting at the 5-cm RSH tended to have
greater forage harvested relative to the 10-cm RSH. Tiller density was consistently
greater for Marshall than Maximus and harvesting at 5-cm RSH resulted in greater tiller
density than at 10-cm RSH. However, tiller density was unaffected by leaf stage in this
study. Stubble WSC concentration and content of tillers was greater at 4-leaf than 2- and
3-leaf stages however, WSC concentration was greater at 5- than 10-cm stubble but
content greater at 10-cm than at 5-cm RSH. Maximus annual ryegrass had both greater
stubble WSC concentration and content than its counterpart Marshall annual ryegrass.
Forage morphological characteristics were influenced by forage cultivar, leaf stage, and
stubble height and showed a definitive response of less proportion of leaf blade, greater
proportion of pseudostem, reproductive stem, and dead material at 4-leaf stage
defoliation relative to 2- and 3-leaf stages. Maximus had a greater proportion of leaf
blade than Marshall and harvesting at the 10-cm RSH resulted in greater proportion of
leaf blade than at 5-cm RSH. Forage nutritive value parameters CP, IVTD, and NDFD
were all greater at 2- and 3-leaf stages compared with 4-leaf stage, conversely NDF,
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ADF, and WSC were all greater at 4-leaf stage than 2- and 3-leaf stages. Therefore,
harvesting annual ryegrass at the 4-leaf stage maximizes forage harvested, NDF, ADF,
WSC concentrations, and WSC content of tiller but minimizes the proportion of leaf
blade and ultimately forage nutritive value by lower CP, IVTD, and NDFD than 2- and
3-leaf stages. Water-soluble carbohydrates are major sources of energy for dairy cattle
and energy intake is usually a limiting factor for milk production in grass-based dairy
operations (Cosgrove et al., 2007). There has been a positive response of milk yield and
milk protein yield of dairy cattle fed forages containing higher WSC concentration
(Miller et al., 2001). Further, Oba and Allen (1999) reported that forages of higher
NDFD fed to dairy cows increased dry matter intake and milk yield. Thus, there was a
dichotomy in forage response to defoliation intervals based on leaf stage and stubble
height of annual ryegrass in our study and therefore, the choice of grazing management
decision should be made in context of farmer’s production system. What is not clear
from the results in this study is if the range of differences in nutritive value may be
transform into any significant biological impact on performance of grazing animals.
Further, responses observed in clipping studies can often times vary from those in grazing
studies. To ensure sustainability and increased production output over the growing
season of annual ryegrasses, conducting grazing studies in rotational stocking schemes
based on these defoliation intervals and grazing intensity is a necessity. Forage
producers, particularly in the dairy industry, can use these responses based on leaf stage
defoliation interval of annual ryegrass as a management guide for grazing, silage, or
haylage production. Findings from grazing studies may ultimately validate appropriate
management options and mitigate injudicious utilization of annual ryegrass.
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CHAPTER VI
GENERAL SUMMARY AND CONCLUSIONS

In the last decade, there has been renewed interest in grassland management and
utilization since the increasing cost of fossil fuel has made it uneconomical to sustain
ruminant livestock production when a large proportion of their diet comes from
concentrate feed. Annual ryegrass plays an important role during the winter-spring
season of alleviating feeding limitations of ruminant livestock in the U.S. southeastern
region. Forage breeders have continued to develop new cultivars of annual ryegrass that
may exhibit superior attributes compared to existing cultivars in important agronomic
traits such as forage production, forage nutritive value, disease resistance, and cold
tolerance. There are two types of ploidy of annual ryegrass available for forage
production; one is the traditional diploid cultivars and the second is the more recently
developed and utilized tetraploid cultivars. The duplication of the number of
chromosomes results in changes in their morphological, anatomical, and physiological
makeup of tetraploid ryegrass cultivars. Thus, tetraploid cultivars were bred to have
greater cell content than diploid cultivars and therefore are expected to have greater,
digestibility, water-soluble carbohydrate, and crude protein concentrations than diploid
cultivars. Such new forages have to be compared with existing cultivars for forage yield
and nutritive value characteristics. A search of the scientific databases AGRICOLA and
the Agronomy, Crop, and Soil Science Societies digital library revealed no studies that
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addressed the two ploidy types of annual ryegrass cultivars in relation to cattle grazing
preferences, animal performance, and harvest management effects based on number of
leaves per tiller.
Three experiments were conducted at the Brown Loam Branch Experiment
Station at Raymond, Mississippi to (i) determine grazing preference among tetraploid
(Maximus and Nelson) and diploid (Gulf and Marshall) annual ryegrass cultivars and its
relationship with morphological and chemical characteristics, (ii) quantify pasture
productivity and animal response of a tetraploid (Maximus) vs. a diploid (Marshall)
annual ryegrass at three stocking rates, and (iii) quantify forage production,
morphological characteristics and nutritive value between a tetraploid (Maximus) vs. a
diploid (Marshall) annual ryegrass cultivar harvested at three different leaf stages and at
two stubble heights. Experiment I used herbage disappearance, the Chesson-Manly
Index, and grazing time as indicators of preference. Experiment II used animal
performance (average daily gain), herbage mass, herbage accumulation rate, and forage
allowance as evaluators of cultivars performance under grazing. Experiment III
evaluated cultivars based on forage harvested, tiller density, stubble water-soluble
carbohydrate content, morphological characteristics (leaf blade, pseudostem, reproductive
stem, and dead material), and forage nutritive value.
In the first year of the grazing preference study, grazing commenced late due to
delayed planting as a result of low precipitation in September and October of 2010-2011
growing season. Further, from November through February of the 2010-2011 growing
season, average air temperatures was lower than the corresponding months of the 30-yr
average causing further restriction in forage growth during those months. However,
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during the 2011-2012 growing season weather conditions did not delay planting and
grazing commenced early during this growing season. Similarly, for Experiment II
during the second year of the study 2010-2011, there was a shortened grazing season
grazing season for reasons mentioned above. Therefore, data for both studies were not
compared between years because grazing did not commenced at the same time in both
years, resulting in a different number of 28-d period for each year. Also, because of the
period when grazing started in each year the forage was at a different stage of maturity
therefore, comparisons between years would not be valid.
In Experiment I, grazing cattle exhibited preference for tetraploid (Maximus and
Nelson) compared to diploid cultivars (Gulf and Marshall). In both years of the study,
pre-graze herbage mass was greater for tetraploid than diploid cultivars. Forage
harvested data from variety tests in different locations in Mississippi and Louisiana and
years have not been consistent, that is, cultivar means were both different (often greater
for tetraploid cultivars) or similar among ploidy levels, fluctuating with year and/or
location. During the first year, the difference in pre-graze herbage mass between
tetraploid and diploid cultivars of annual ryegrass was quite pronounced. This
observation may be suggesting that at that late period (April and May) of the growing
cycle of annual ryegrass crop growth rate of tetraploid cultivars was greater than diploid
cultivars possibly due to a their response to higher temperatures compared to the lower
temperatures early in the growing season. However, this magnitude of difference did not
occur in the second year of the study when measurements started earlier in the season.
Also, the proportion of leaf blade was greater for tetraploid than diploid cultivars and this
has been a consistent trend in this research. Based on the correlations coefficients
131

between cattle grazing preference, sward morphological and chemical characteristics,
several sward parameters including pre-graze herbage mass, post-graze herbage mass,
neutral detergent fiber, waster-soluble carbohydrate, proportion of leaf, and dead material
were found to be correlated with preference. Based on the strength of the correlations (R2
= 0.93 and R2 = 0.24), pre-graze herbage mass and proportion of leaf blade respectively
were the two forage parameters that best explained cattle preference and both were
greater for tetraploid cultivars than diploid cultivars.
In Experiment II, average herbage mass on pastures and average daily gain of
grazing animals were not different between the tetraploid and the diploid cultivar of
annual ryegrass tested but there was an effect of stocking rate on both. In both years of
the study, there was a linear decrease in average daily gain and herbage mass as stocking
rate increased. In the first year of the study, both cultivars (Maximus and Marshall) were
similar in water-soluble carbohydrate concentration and in vitro true digestibility but in
the second year however, the tetraploid cultivar Maximus had greater water-soluble
carbohydrate concentration than the diploid cultivar Marshall. In Experiment III, forage
harvested tended to be greater for Maximus, the tetraploid cultivar than Marshall, the
diploid cultivar. Also, forage harvested at 5-cm residual stubble height tended to be
greater than at 10-cm residual stubble height. Forage harvested at the 4-leaf stage was
greater than the 2- and 3-leaf stages and crop growth rate was greater for the tetraploid
cultivar Maximus compared to the diploid cultivar Marshall. At the 4-leaf stage of
defoliation crop growth rate was greater than at the 2- or 3-leaf stages. Tiller density was
lesser for the tetraploid cultivar Maximus compared to the diploid cultivar Marshall but
defoliation based on leaf stage had no influence on tiller density. Harvesting at 5-cm
132

resulted in greater tiller density than at 10-cm residual stubble height. Water-soluble
carbohydrate content of the stubble was greater for Maximus compared to Marshall and
this was due to the greater water-soluble carbohydrate concentration and tiller weight of
Maximus compared to that of Marshall annual ryegrass. In addition, stubble
water-soluble carbohydrate content was generally greater at the 4-leaf compared to the 2and 3-leaf stages. The proportion of leaf blade was greater for Maximus compared to
Marshall and lesser at 4-leaf stage compared to 2- and 3-leaf stages. Whole-plant watersoluble carbohydrate and in vitro true digestibility were not different between Maximus
and Marshall but neutral detergent fiber digestibility for Maximus was greater than
Marshall. The less frequent defoliation at 4-leaf stage resulted in lesser in vitro true
digestibility and neutral detergent fiber digestibility but greater water-soluble
carbohydrate concentration compared to 2- and 3-leaf stages.
In the grazing preference study, cattle showed preference for tetraploid cultivars
(Maximus and Nelson) compared to diploid cultivars (Gulf and Marshall). These results
suggest that there may be a likelihood of greater forage utilization of tetraploid than
diploid cultivars. Results from the pasture and animal performance study, however,
indicate that there was no difference in animal performance between treatments of the
different ploidy levels. This may be as a result of the overall high nutritive value of the
two cultivars of annual ryegrass and the fact that forage allowance was not different. In
two out of the three experiments, herbage production was greater for tetraploid cultivars
compared to diploid cultivars and this has not been a trend reported consistently in the
literature. Note that these two experiments were small-scale plot studies; no differences
were found in the pasture scale studies. There was no consistent difference in forage
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nutritive value in the three experiments but when differences occurred, nutritive value
was greater for tetraploid than diploid cultivars. Defoliation at the 4-leaf stage resulted in
the greater forage harvested than the 2- and 3-leaf stages but nutritive value was less
compared to 2- and 3-leaf stages. Both whole-plant water-soluble carbohydrate
concentration and stubble water-soluble carbohydrate content were greatest at 4-leaf
stage defoliation interval compared to 2- and 3-leaf stages, however, the greater forage
harvested at 4-leaf stage was due to a faster recovery in crop growth rate at 4-leaf stage
(57 kg dry matter ha-1 d-1) compared to 2- (47 kg dry matter ha-1 d-1) and 3-leaf stages (38
kg dry matter ha-1 d-1). Harvesting at a greater depth (5-cm residual stubble height) in the
canopy of annual ryegrass creates no disadvantage in regrowth potential of annual
ryegrass cultivars.
Overall, this dissertation research provided a body of information on which to
make grazing and harvest management decisions related to choices between tetraploid
and diploid cultivars of annual ryegrass. The studies undertaken provided evidence of
grazing animal preference for tetraploid cultivars, and that the preference was influenced
strongly by pre-graze herbage mass and the proportion of leaf blade, both of which were
greater for the tetraploid cultivars. Also, in the small plot clipping studies, forage
harvested was greater generally for the tetraploid cultivar than the diploid. The greater
preference and forage production found for tetraploid cultivars in plot studies did not
translate into greater animal or pasture productivity, however. The large scale grazing
study did not provide evidence of greater forage mass on pastures or individual animal
gains or gains per unit area. There were differences in forage mass and average daily
gain due to stocking rate, which is a typical response but these results at least showed that
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a stocking rate × cultivar interaction could not be detected. Had interactions existed, this
would have been important for planning different management systems. The importance
of the studies undertaken for this dissertation research is that the database developed
comparing tetraploid and diploid cultivars, although available for perennial ryegrass, was
not found in the literature for annual ryegrass, thus many of these finding were therefore
unknown. There is no definitive answer in terms of annual ryegrass cultivar based on
ploidy types that will result in the greatest benefits to forage producers and therefore, the
choice of cultivar and defoliation management will have to be carried out in
consideration with other agronomic characteristics and producer production systems.
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